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Mining Leadership

With the formation of the Stevenson Commission in the mid-80s to look into matters related
to emergency preparedness and ground control in Ontario’s underground mines, a renewed
sense of commitment was made to understand how ground control related problems in
Ontario’s mines could be better addressed and the risks mitigated. From that grew initiatives
and technology developments which have helped to make the mining industry in this part
of the world a global leader in safety awareness and in risk mitigation and management. A
fundamental value of Glencore’s Sudbury Integrated Nickel Operations is that our first priority
in the workplace is to protect the health and well-being of all our people. We take a proactive
approach to health and safety; our goal is continuous improvement in the prevention of
occupational disease and injuries. Sudbury Integrated Nickel Operations is committed to
ensuring the long-term viability and continued success of our business as well as supporting
the sustainability of our local communities. CEMI’s Smart Underground Monitoring and
Integrated Technologies for deep mines (SUMIT) Program has helped us in this regard
by not only addressing key technical and technology-related challenges concerned with
ground stability but also by informing us of the energy reduction and usage optimization
opportunities that exist — each a key area in which improvements will be essential if the
underground mining industry is to be sustainable.

The leadership demonstrated by Laurentian University in facilitating, developing
and guiding the coming together of SUMIT researchers from Ontarios foremost mining
universities and others throughout Canada is to be commended as is the efficient and
effective management of the SUMIT Program by CEMI - Centre for Excellence in Mining
Innovation. My sincere congratulations and compliments are also extended to the mining
companies which have participated so extensively. To the best of my knowledge, this degree
of collaboration, involving so many universities as well as mining companies which allowed
the utilization of their mines as “living laboratories” for the conduct of experiments is unique.
Some 98 technical people were involved and upwards of 75 Highly Qualified Personnel were
trained from some 960 hours of underground work conducted with no incidents or accidents
to report. Many of these people have already gone on to find employment within the industry,
are continuing their studies or are working within academia. One spin-off company was
created and numerous patents filed. Further, the production of this publication will stand as
a testament to the good work accomplished.

The mining industry needs R&D, is willing to participate in both its funding and execution
as well as to implement its outputs. SUMIT demonstrates that clearly. Industry particularity
appreciates the inter-University research approach facilitated by strong leadership at
Laurentian University. It perhaps can be a model for future programs of its kind.

Peter Xavier Vice President

Sudbury Integrated Nickel Operations
A Glencore Company
CEMI Board Member
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EXECUTIVE SUMMARY

In 2010, a submission for funding to the Ontario Research Fund was made by Laurentian University to undertake research related
to smart Underground Monitoring and Integrated technologies for deep mines. The total program budget was $6.7M with eventual
approved funding being split almost equally among ORF, Universities and, importantly, the private sector. The Principal Investigator
at Laurentian was Dr. Peter Kaiser and management of the SUMIT Program was undertaken on behalf of Laurentian University by
the Centre for Excellence in Mining Innovation (CEMI)in Sudbury under the direction of Damien Duft.

SUMIT grew from a series of workshops held with experts across the globe to discuss ways in which the issue of fault-slip-caused
rock bursting in deep underground mines could be better understood and the associated risk mitigated. As well, related areas of
study were suggested in the fields of energy management and communications and control technologies. These would be aimed at
developing and advancing smart engineering techniques, technologies and tools to facilitate step-change advances in productivity,
efficiency and energy optimization in underground mining at depth.

Significant collaborative input to SUMIT was provided by researchers at Queen’s University and the University of Toronto, with
contributions also from the University of Waterloo, the University of Alberta, the University of British Columbia and Carleton
University.

Through research and development undertaken at these institutions with the support of Vale, Sudbury Integrated Nickel
Operations — A Glencore Company, Rio Tinto, and the Ontario Government, SUMIT focused on three challenges associated with
deep underground mining:

1. ROCK ENGINEERING
Rock mass characterization to “better see into the ground” and anticipate risks and interpret dynamic processes;

2. UNDERGROUND MINE CONSTRUCTION

Enhanced mine development for faster mine construction to increase economic returns; and

3. ENERGY OPTIMIZATION
Sustaining deep mines through energy optimization and underground environmental controls.

Some of the high-level achievements of this six-year collaborative program include the involvement of 98 highly skilled technical
people made up of research leads, students, post doctorial fellows (PDFs) and other expert professionals from across Ontario and
Canada. The SUMIT Program has aided in developing the next generation with a total of 75 HQP at the PDF level (7), PhD (19),
MSc (30) and undergraduate levels (19). SUMIT has garnered academic recognition and continued to enhance knowledge transfer
producing 69 peer-reviewed scientific journal articles (with 12 in the works) which have been cited 374 times in scientific and
engineering literature. In addition, SUMIT has led to 83 conference presentations and the publication of 41 conference papers
across the globe.

SUMIT succeeded in bringing the best of the best in mining research together to collaborate and produce real value under this
initiative. Following all safety protocols, the researchers and their students executed several field programs at active mine sites
(Vale’s Coleman & Creighton; Newcrest’s Cadia East, and Sudbury Integrated Nickel Operations- A Glencore Company’s Nickel
Rim South Mine), incurring 959 student hours of in-mine work safely at four test sites.

SUMIT has helped to spin off a new company, grow existing businesses, and to file patents for new products which are ready
to commercialize. It has also developed new guidelines and software tools for mine designers and operators. It has enhanced the
understanding of energy demand and usage on mine sites, thus making it more amenable to optimization. Finally, SUMIT has
furthered our understanding of how new energy approaches may be adopted at mines to lower energy demand, limit greenhouse
gas emissions and reduce environmental footprints.

NOTE: An online version of this journal publication can be obtained at www.cemi.ca and www.cim.org
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EXECUTIVE SUMMARY I

Highlights of the Technical Accomplishments

Under the SUMIT Program significant accomplishments were achieved in the following key areas: rock engineering, underground mine
construction, energy optimization, and data analysis and management. Some are listed below:

ROCK ENGINEERING

» New software tool facilitating the selection of optimal ground support strategic designs based upon existing or anticipated rock mass
conditions including a new coupled numerical modeling technique developed to study ground motion distribution and seismic wave
propagation around excavations in deep mines.

o New industry guidelines document for the selection of ground support elements in underground mines.

« Demonstration that borehole geophysical data provide reliable estimates of geotechnical parameters such as dynamic Young’s modulus
at elevated in situ stress levels for rock mass characterization.

« Fiber optics cable borehole installation methodologies and performance measurement studies demonstrated the capability of fiber-based
deformation devices in tensional and shear displacement conditions and provide a very good assessment of the evolving displacement

field around a mining block due to mining.

« Advancement in the state-of-art and state-of-practice techniques for using continuum numerical models to replicate rock mass
deformation and a demonstration of their ability to replicate actual behaviours observed in-situ.

« Development of an approach to treating LiDAR data which optimizes its use for deformation change detection.

o Development of an approach to reducing geotechnical assessment uncertainty as a function of the uncertainty associated with the
conceptual geological model.

UNDERGROUND MINE CONSTRUCTION
o A new approach developed to differentiate how rock mass strength can be modeled in low and high confinement conditions.

» An improved understanding of the shear rupture of brittle rock under both constant normal stress and normal stiffness boundary
conditions using calibrated numerical simulations.

ENERGY REDUCTION/OPTIMIZATION

» New approaches and tools developed to optimize energy usage on mine sites and save money.

« Optimized cooling strategies developed for natural heat exchange areas using computational fluid dynamics modeling.

« Optimal mine site energy supply options investigated and presented.

» Hydraulic Air Compressor (HAC) technology demonstrated as an economic alternative way to create compressed air for mines.

« Related to the above work and developed in conjunction with advancements made there have been significant ones related to data
collection and analysis/management.

DATA ANALYSIS/MANAGEMENT
« A first of its kind data collection/sharing/management platform created which forms the basis for optimized geohazard assessment in
deep mines.



I EXECUTIVE SUMMARY

Summary of Other Accomplishments of the Program

Aside from the technical accomplishments of the Program, it
is worth drawing attention to those achievements in other ar-
eas, most notably, in H&S; in collaboration demonstrated with
the private sector (active test sites which provided access for re-
searchers and students to take measurements and collect data), in
numbers of HQP (Highly Qualified Personnel) trained; in num-
bers of publications and citations, the success of SUMIT funds
leveraging programs and in various outreach activities as well as
in commercialization outcomes.

As well, the clear focus on ensuring that industry’s needs were
addressed were achieved through the feedback received from six
consultation workshops held during the program scoping stage.
During program execution, annual sessions with stakeholders
were held in Toronto, Kingston, Waterloo and, finally, Sudbury to
provide an update on progress being made.

Additional program value was also achieved through the sig-
nificant leveraging of program funds through NSERC as well as
through the federal Business-Led Network of Centres of Excel-
lence program (BL-NCE), which led to the establishment of the

Ultra deep Mining Network (UDMN) at CEMI.

The BL-NCE funding has led to the establishment, in conjunc-
tion with SNOLAB and CMIC (the Canada Mining Innovation
Council) of a data analytics incubation space in Sudbury. It is an-
ticipated that in the coming years, this will establish this part of
Ontario as a knowledge creation and commercialization hub for
mining and exploration data analytics. As of writing, a start-up
and SME are established at MODCC with a further three under
consideration.

The UDMN is a $35M five-year program of commercializa-
tion-focused research comprised of four themes of R&D. Two of
these: Theme 1 - Rock Stress Risk Reduction and Theme 2 - En-
ergy Reduction are direct add-ons to work begun under SUMIT.

Finally, SUMIT research has led to the filing of 11 patents and
the spinoff of one new company (Electrale Innovation Limited).
Further, it has helped to establish Ontario as an international cen-
tre of knowledge relating to mitigating geotechnical and energy
use risk in mining.

Health and Safety Excellence and Exemplary
Industry Collaboration Demonstrated

The two go hand in hand in the SUMIT Program given the in-
credible degree of collaboration required among researchers and
students alike and the test site owners, particularly at Sudbury
Integrated Nickel Operations — A Glencore Company, and Vale
in Sudbury. Significant collaborative input was also provided by
Glencore’s Kidd Operations, Kidd Creek operations as well as by
Newcrest Mining’s Cadia East Division in NSW, Australia.

Living Laboratories

Sudbury Integrated Nickel Operations, A Glencore Company
and Vale in Sudbury allowed their Nickel Rim South mine and
Coleman and Creighton mines, respectively, to become “living
laboratories” permitting the performance of underground data
collection programs through sampling and surveying by SUMIT
researchers and their students.

In fact, a total of close to 1,000 hours of safe underground work
was completed by researchers at these properties (Figure 1) and
would not have been possible were it not for the incredible efforts
of site personnel.

Whereas most underground time was spent by University of
Toronto researchers at Sudbury Integrated Nickel Operations —
A Glencore Company’s Nickel Rim South (NRS) mine, followed
by Queen’s researchers at Vale’s Creighton mine in Sudbury, ad-
ditional work was performed at NRS mine by researchers from
the University of Alberta. Dr. Benoit Valley, a rock engineer and
researcher based at MIRARCO in Sudbury at the time, also con-
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ducted underground data collection at Newcrest's Cadia East
Mine in New South Wales, Australia.

Highly Qualified Personnel (HQP)

Ninety-eight persons, including researchers (PI and Co-PTs),
students, research engineers and the Program Manager (Damien
Duft) were involved with the SUMIT Program (Figure 2). Most
had completed their degrees by the end of June, 2016. A few, how-
ever, due to a late start-up, had not and will be completed by June
30th, 2017, the extended deadline granted by the Ontario Re-
search Fund.

Many of the student HQP have gone on to fill academic and
industry roles of importance including at the Colorado School
of Mines and the University of New Brunswick as well as with
various consulting and other firms, including Hatch Engineer-
ing, GeoControl Chile, GeoFirma Ottawa, Abitibi Geophysics,
MDEng, Kingston, Jacobs Associates, Vancouver, BC.

Publications
Because of the strong student-training element of the SUMIT Pro-
gram it is not surprising that many publications, conference pre-
sentations, posters and citations in the broader literature should
result — a total of over 200, in fact (Figure 3).

The work reported on has been highly regarded in the public
literature apparently, having been cited by other authors in other
published material some 374 times. Selected references and pub-
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Figure 3: Publications and Presentations resulting from the
SUMIT Program
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Figure 4: Leveraging performance of initial SUMIT Funding

lications are listed at the end of each of the technical sections of
this document.

SUMIT Funds Leveraging

A measure of the success of some of the work conducted was al-
ways to be the degree to which researchers were willing to and able
to leverage SUMIT investments in them through other govern-
ment (Federal mostly - NSERC and BL-NCE) as well as industry
funding sources. Starting in 2012, and continuing to 2015, with a
hiatus in 2014 and most of the research already finished by 2016,
the SUMIT investments were leveraged by a further $704,500
(Figure 4). An exceptional leveraging effort in 2016 brought this
total to over $3M.
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Commercialization

While never a strong focus for institutional researchers in general,
some SUMIT Program researchers were successful in achieving
some promising outcomes which have commercialization poten-
tial. These have been accomplished through the development of
best practice guidelines, software tools and technologies or tech-
nology improvements. In one case, a new start-up company was
spawned (Electrale Innovation Limited) and two new patents
were filed (Laurentian University’ s Dr. Dean Millar).

Outreach and Communications

Throughout the Program, communications with stakeholders was
considered vital. This not only was to ensure continued support
since it most definitely was needed, particularly from the test site
owners, but also to ensure that all stakeholders felt they were be-
ing listened to and their work was being communicated to spon-
sors on a regular basis.

In addition to the Final Annual Stakeholders’ meeting, held in
Sudbury in 2016, other meetings and outreach events are summa-
rized in Table 1

Additionally, regular communications were maintained (gen-
erally on a quarterly basis) with stakeholders via newsletters (Ap-
pendix: 3).

Leveraged Research

Ultra Deep Mining Network (UDMN):

Under Theme 1 - Rock Stress Risk Reduction of the Ultra Deep
Mining Network program (UDMN) at CEMI, some $6M of work
in seven projects is underway or is planned. It focuses on address-
ing stress measurement, geohazard assessment and rockmass be-
haviour management challenges in ultra-deep mines. Work in the
latter area is a direct outgrowth of advancements in the field of
hydraulic preconditioning of rockmasses begun under SUMIT.

Mining Observatory Data
Control Centre (MODCC)
CEMYI, in conjunction with the Canada Mining Innovation Coun-

Outreach . .

Activity Participants | Year Held
Seminars 72 2012
Student 27 2012
Presentations

Short Courses 34 2012
Annual Workshops 113 2012 - 2016
Student Videos 8 2015

PDAC Student

Workshop 2 2014

Table 1: Outreach Activities, year held and attendance

ix
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cil (CMIC); SNOLAB and the Northern Ontario Heritage Fund
Corporation (NOHFC), has created a fully equipped Mining Ob-
servatory Data Control Centre (MODCC) within the world-class
SNOLAB surface facility in Sudbury, Ontario, Canada dedicat-
ed to facilitating enhanced mining and exploration data analyt-
ics and management. The MODCC will be used to collect, store,
analyze and share exploration and mining data sets. MODCC is
a direct result of foundational work on data collection, manage-
ment, and analysis, conducted as part of the SUMIT Program. See
p-10-11 for more information.
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PROGRAM CONCEPTION

Program Overview/Technical Context and Delivery

In 2010, a detailed collaborative research proposal was submitted
for Research Excellence Funding through the Ontario Research
Fund by the Principal Investigator, Dr. P. K. Kaiser, at Laurentian
University, with ten leading researchers from the University of
Toronto, University of Waterloo and Queen’s University. In 2011,
the $6.7M program was approved by ORE, contributing $3. 3M to
match industrial and institutional contributions.

The overall Research and Development (R&D) program aimed
at ensuring that mines can safely and profitably mine at greater
depth thereby securing the sustainability and competitiveness
of the mining industry in Ontario. The SUMIT theme - Smart
Underground Monitoring and Integrated Technologies - formed
the framework for this research to build on previous experiences
showing that the introduction of new technologies and smart
monitoring approaches lead to major innovations. For example,
the introduction of microseismic systems in underground
mine construction some 30 years ago has led to much safer
more economic mines at depth (fewer failures). Thanks to such
innovations, the mining industry in Canada has become a world
leader in exploration, mine design and mine safety.

The research program and related outcomes are illustrated in
Figure 5 with a central pyramid of three focus areas:

- ROCK ENGINEERING

- UNDERGROUND CONSTRUCTION

- ENERGY OPTIMIZATION

SUMIT was designed to overcome challenges with advances in

each of these three areas so as to:

— “see into the ground” and better anticipate and minimize risks

— enable faster mine construction to increase economic returns
and to

—sustain deep mines through energy optimization with
underground environmental controls

Ontario mining industrial partners committed funding and
provided access to some of the world’s deepest mines to serve as
“living laboratories” to conduct closely linked experiments, each
focusing on an enabling technology or technique, aimed at closing
gaps in our ability to manage and control the underground mining
process.

Thie SUMIT Program addresses several guiding principles
of the Northern Ontario Growth Plan aimed at nurturing a
knowledge-based economy, developing highly qualified personnel
and helping to sustain mining communities.

sumit D

= Data management
= Site assistance

Program management

= Wireless technology

Knowledge and enabling services

Universities < Innovation ® Service/Supply+ Commercialize

Figure 5

Technical Context

The SUMIT Program was developed to assist the Canadian &
global mining sector in finding innovative means to reduce risk,
accelerate mine development, improve production capacity and
reduce energy consumption; specifically, to advance smart en-
gineering techniques, technologies and tools to facilitate step-
change advances in productivity, efficiency and effectiveness of
underground mining at depth in an economic and safe manner.

It followed on from a total of six consultation workshops or-
ganized by CEMI involving international expertise from around
the globe. Consultation sessions focused on various technical ele-
ments believed to contribute to the problem of anticipating rock-
mass behaviour because of mining. They included sessions on: mi-
croseismicity, structural geology, geophysics and instrumentation,

modeling, planning and data integration as well as experimental
design. A final close-out workshop pulled all elements together
into a coherent framework in advance of application writing.

Starting out with a strong focus on fault-slip-caused seismicity,
the eventual application documentation was re-framed in accor-
dance with the likelihood of being funded through an ORF- round
which had no mining focus but instead with an ICT (Information
and Communications Technology) one.

The re-constituted program application aimed at using data and
advancing technologies to mitigate the risks associated with deep
mining more effectively. Ground instability and poor rockmass
conditions in deeper mines are more prevalent than at a shallower
depth which makes addressing them through engineering adjust-
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Figure 6: Trade-off between ability to influence and potential impact

ments much more difficult and costly. Therefore, it is essential to
develop and operate deeper mines with the best information pos-
sible.

As with most major engineering projects, the ability to alter a
major mine design decreases as it moves through the various en-
gineering phases from scoping to production Figure 6). Hence,
the potential impact of smart engineering is greatest in the early
phases of a project where data and related information may be
critically lacking. This is even more serious when dealing with
costly and technically challenging deep mines.

After construction, and once mine operation has begun, the
potential impact of step-changes in technology (e.g., mechanized
excavation or rapid material handling) is similarly highest in the

PROGRAM CONCEPTION I

initial stages making early and successful adoption of such tech-
nologies vital. This is also important for the implementation of
energy conservation measures, which are best done at the early
stage of mine development (e.g. use of ventilation-on-demand at
Sudbury Integrated Nickel Operations - A Glencore Company
Sudbury’s Nickel Rim South mine and Vale’s Totten Mine).

With that, the data collection and management as well as the
sustainability and energy optimization projects were added to the
SUMIT Program scope of work.

Deep mines in Ontario (Sudbury) served as living laboratories
for 18 core projects in 6 research categories (Figure 7 and Table 2).

With funding from Ontario’s Ministry of Economic Develop-
ment and Innovation and substantial contributions from Rio Tin-
to, Vale and Sudbury Integrated Nickel Operations — A Glencore
Operation (formerly) Xstrata Nickel, SUMIT stimulated collabo-
rative research among an outstanding group of researchers, con-
sultants and industry experts.

The work at Laurentian University, the lead institution, was di-
rected by Drs. Cai, Kaiser, Millar, and Smith; at Queen’s University
by Drs. Diederichs, Hutchinson and McKinnon (in collaboration
with Dr. Samson at Carleton University); at the University of To-
ronto by Drs. Milkereit, Young and Xia (in collaboration with Dr.
Schmitt at the University of Alberta) and, finally, at the University
of Waterloo by Dr. Dusseault.

Significant consultant involvement occurred in the construc-
tion of a suitable data collection and management infrastructure
for the SUMIT Program. This initiative was spearheaded by Mira
Geoscience of Montreal, QB with significant early input by Objec-
tivity Inc. of Sudbury, ON.

The program was managed and coordinated on behalf of
Laurentian University by Damien Duff (VP Geoscience and Geo-
technical R&D) at CEMI.
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I PROGRAM CONCEPTION

THEME

FOCUS OF WORK

RESEARCHERS

Shared Logistical Support And
Information, Communications &
Control Technologies

Ensure coordination of communications
and site work with site owners.

Develop sophisticated data analysis and
management capability.

Damien Duff, Drs. Benoit Valley and
Salina Yong at MIRARCO.
Dr. John McGaughey, Mira Geoscience.

Rock Mass Characterization

Properly characterize the rock mass in
advance of mining to ensure appropriate
design and support selection.

Monitor behaviour change duding
mining to understand rock mass
performance.

Drs. Mark Diederichs and Jean
Hutchinson at Queen’s University; Dr.
Bernd Milkereit, Bibhuti Mohanti and
Paul Young at University of Toronto.
Dr. Doug Schmitt at University of
Alberta.

Mining Induced and Triggered
Seismicity

Integrate rockmass deformation

and seismicity to correlate ground
deformation response around openings
to dynamic loading.

Improve 3D remote-sensing monitoring
technologies

Drs. Steve McKinnon at Queen’s
University and Claire Samson at Carleton
University; Drs. Richard Smith and Peter
Kaiser at Laurentian University.

Dr’s Bernd Milkereit, Qinya Liu at
University of Toronto, Dr. Doug Schmitt
at University of Alberta.

Rockmass behaviour and
Mining-Induced Changes

Verification of constitutive model based
on GSI for confined rock masses at
depth.

Assess rock mass failure of pillars and
excavations

Dr. Peter Kaiser at Laurentian University;
Dr. Mark Diederichs at Queen'’s
University and Dr. Maurice Dusseault at
University of Waterloo.

Enhanced Mine Development
(Underground Construction and Design)

Identify key factors affecting ground
motion in complex rocks within deep
mines

Provide methodology for ppv and
ppa determination for improved rock
support design.

Develop and optimize fiber optics-based
deformation measurement systems.

Examine hydraulic fracturing
mechanisms to mitigate energy release.

Support introduction of mechanized
excavation technologies by addressing
constructability and pillar stability
issues.

Drs. Peter Kaiser and Ming Cai at
Laurentian University; Drs. Kaiwen Xia
and Xija Gu at University of Toronto and
Dr. Maurice Dusseault at University of
Waterloo. Dr. Erik Eberhardt at University
of British Columbia.

Sustainable Operations - Energy
Management and Ventilation

Establish an understanding of energy
economics as applied to the mining
industry

Develop tools and techniques to
optimize energy usage at mines.

Dr. Dean Millar at Laurentian University

Table 2: Main SUMIT Themes, their technical focus and researchers
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Shared R&D Field Support

Shared R&D Field Support

The two aspects of this theme, field logistics support and ICT support were dealt with
by separate teams. They are dealt with here in that order:

Team:
CEMI: working with MIRARCO - Damien Duff, CEMI Program Manager, SUMIT
Dr. Benoit Valley, Researcher, University of Neuchatel; Dr. Salina Yong, Vancouver, BC

] I Title: Damien Duff, SUMIT Program Manager
" Q = Role: Program Manager and Co-PI

Collaborators on team: Objectivity, Mira
Geoscience, Sudbury Integrated Nickel Operations
- A Glencore Company, Vale, Newcrest Mining
Limited, MIRARCO, Laurentian University

Project Goals?
To provide all SUMIT researchers with support to facilitate mine
site approval and access.

Abstract

Field logistical assistance and, where required, data collection
and management coordination was provided by CEMI to all re-
search sub-projects throughout the course of the SUMIT Pro-
gram. Through contract engineering staff provided by MIRARCO
at Laurentian University, Drs. Benoit Valley, followed by Salina
Yong, coordinated all interactions with mine owner personnel at
test sites. As referenced earlier, this totaled some 960 hours of ac-
cident and incident-free fieldwork.

Context
To address SUMIT Program R&D aspirations, extraordinary ac-
cess to active mine sites (Living laboratories) for measurement
and data collection would be essential. Because active mine sites
offer the opportunity to observe and measure in the context of
the changing real-world conditions accompanying the mining
process, legitimacy, and direct application to the results from the
analysis and interpretation of collected datasets would be more
likely. The mines, in effect, would become “living laboratories”
Vale’s Coleman and Creighton mines as well as Sudbury Inte-
grated Nickel Operations - A Glencore Company’s Nickel Rim
South mine in Sudbury were experiencing the rock conditions and
energy management challenges which made them highly suited
to field work for SUMIT purposes. To a lesser extent other mines
such as Glencore’s Kidd Creek mine, Newcrest’s Cadia East mine
in NSW Australia and some of Codelco’s operations as well as
those at Antofogasta Minerias in Chile also offered opportunities.

Methodology

Post doc research engineers were hired with a focus on facilitating
the interaction among researchers, their students, and mine site
personnel to ensure consistency, a single point of contact and a
minimum degree of mine site production disruption. Importantly,
safety training requirements also needed to be met and arranged
for.

Summary of Findings
Some 960 hours of underground work was conducted safely and
successfully.

Practical Implications

With proper coordination and due regard to the production pri-
orities of active mine sites, the data collection activities of large
groups of researchers can be coordinated safely and effectively to
yield valuable industry-focused results.

Conclusions

Highly effective underground research and development collabo-
ration is possible between mining companies and academic insti-
tutions, even for large teams paying frequent visits to producing
mines. This is made possible through the careful, single point con-
tact method of communicating and coordinating activities.

Acknowledgements

Vale in Sudbury - Dr. Mike Yao, Allan Punkkinen, Anneta For-
sythe, Glenn McDowell and Todd Madill are recognized. At
Glencore’s Sudbury and Timmins operations, Brad Simser, Steve
Falconer and Dave Counter also require special mention. Others,
more peripherally involved and perhaps at other mine sites but
whose names are not known, are likewise thanked.

2*Note: the nature of research is such that unforeseen circumstances (non-availability of students or suitably qualified ones, lack of access to appropriate test
sites or non-availability of appropriate data) often dictate the ultimate details of the actual work carried out. Therefore, the research goals listed are only
those which, given these constraints, received attention and for which results can be reported
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Support for Information and Communications Technology

Team:
Mira Geoscience - Dr. John McGaughey and Mira Geoscience staff Research Engineers and Geoscientists;
Andrew Dasys, Objectivity

Title: Dr. John McGaughey, CEO and CTO, Mira
Geoscience

Role: Co-PI responsible for development of data
management tool for SUMIT Program
Collaborators on team: Objectivity, Sudbury
Integrated Nickel Operations - A Glencore
Company, Vale, Rio Tinto

Project Goals

To centralize SUMIT data storage and facilitate seamless and
prompt interaction among researchers on matters related to data
S0 as to try to ensure quicker research outcomes, Mira Geoscience
built a data management framework designed to match mine ac-
tivity data (drilling, blasting, crushing, moving etc.— and thus sig-
nal producing) with sensor data. Further, established access pro-
tocols enabled uploading and downloading of datasets. Matching
of sensor and activity data was accomplished partially but overall
results suffered from difficulties in accessing activity data at the
test sites.

Abstract

Geoscience INTEGRATOR is a 4D data management system for
mining and exploration, developed by Mira Geoscience under the
“Smart Underground Monitoring and Integrated Technologies”
(SUMIT) program and the subsequent CEMI project, “Mining
Observatory Data Control Centre” (MODCC).

The system design objective under SUMIT was a capability to
“provide SUMIT researchers with user-friendly access to mine
datasets and their contextual information to facilitate and opti-
mize research efforts” Under the MODCC project, exploration
data themes and a powerful 3D visualization and query interface
were added. It is currently being further developed in an Ultra
Deep Mining Network (UDMN) project to support, track, and
automatically report on 4D dynamic mine models and associated
geohazards.

The system is now being deployed to manage multi-institution,
multi-site data from significant research projects beyond SUMIT.
This includes the largest mineral exploration research effort ever
undertaken in Canada - the NSERC-CMIC Industrial Research
Network project, “Integrated Multi-Parameter Footprints of Ore
Systems: The Next Generation of Ore Deposit Models”. Geosci-
ence INTEGRATOR will be released commercially in October
2016. It has both Canadian and international commercial custom-
ers committed to installations for managing data and geohazard
assessments in underground mines. Although substantial further

investment has been made in the system, the motivation, inspira-
tion, and initial funding for this commercially successful outcome
originate fully with the SUMIT Program.

Context

Systems for managing multi-disciplinary data are required for
teams to share data, models, and interpretation for optimal ge-
otechnical decision making. Microsoft Office products are used
ubiquitously in the mining industry to manage and communicate
day-to-day operational information — Excel for manipulation of
numbers and PowerPoint for communication of ideas and results.
Neither of these products was created to manage data or interpre-
tation and they are unsuitable in many ways.

Data formats and file storage systems using such tools are id-
iosyncratic, meant to be understood by the individual data cus-
todian rather than colleagues or the organization. Although drill
hole, production, and microseismic databases are commonplace,
they generally exist as silos, separate from each other and from
other key data repositories such as geotechnical instrumentation
or mine drawing files. Comprehensive systems and associated best
practices to manage an organization’s geotechnical project data,
interpretation, and decisions are not commonplace. The result is
that interpretations that require or should be validated by multiple
data types are exceedingly difficult to carry out in practice. Not
only must primary data be located and exported from multiple
systems, but contextual metadata is typically ad hoc and incom-
plete.

The need for a system to support, record, and communicate
multi-disciplinary geotechnical interpretation is pressing as mines
become deeper, geotechnical problems become more acute, and
the flow of data available for analysis has ever greater speed and
volume. Geotechnical hazard assessment, such as rockburst risk
evaluation and monitoring, cannot be adequately addressed with-
out access to a multi-disciplinary 4D data management system.
This is because geotechnical hazard evolves in time, the underly-
ing data are time-dependent, and the results of analysis must be
routinely updated.

The SUMIT research program anticipated the need for a data
management system in which researchers could solve complex
problems that required collaborative analysis and interpretation
of multi-disciplinary 4D underground mine data and associated
contextual metadata. The objective of this component of the pro-
gram was creation of such a system.

We have carried out many geotechnical hazard assessment
projects for different classes of geohazard, at a wide range of mine
types. We use a model-based approach in which individual crite-
ria related to the hazard in question are captured in a spatial mine



SUMIT 1B

model and used as variables to be combined in a quantitative haz-
ard assessment. Modelling the hazard criteria can be challenging,
not least because many of the key criteria, and thus the resulting
models, are four-dimensional. In practice the 4D nature of the
problem is handled by time-stepping a 3D model. The modelling
requires applying methods that map how data such as structure,
rock quality, and seismicity, often located far into the rock mass
away from development, manifest hazard within the mine devel-
opment.

An important lesson from these studies is that operations typ-
ically do not have the data management infrastructure to readily
provide data to a comprehensive, multi-disciplinary 4D analysis.
This situation is manageable where hazard assessment updates are
only required off-line on an intermittent basis. Data compilation
is always the most expensive and time-consuming part of this type
of project, particularly when there is a lot of multi-disciplinary
data and several custodians are involved. It is our experience
that if projects falter, they typically falter at this stage, which is a
symptom of inadequate data management practices. Ongoing or
real-time operational assessment of hazard requires up-to-date
access to all the data types required for calculation, including mi-
croseismic and other monitoring data.

The SUMIT research program foresaw similar data manage-
ment challenges, with its multiple case study sites, widely differing
experiment types, and multiple research institutions and collabo-
rators. A need was cited, according to the original scoping docu-
ments, for “creating an appropriate structure for collecting, stan-

Support for Information and Communications Technology

dardizing, storing, and sharing mining data sets with research and
development entities in a fully controlled manner” This research
need precisely mirrors the wider industry need for such a system
as the foundation of strategies for interpretation and operational
decision making when confronted with complex phenomena such
as rockbursts in underground mines.

Requirements of the SUMIT data management system were
outlined in the original scoping document as follows:

An important part of this component is to provide SUMIT
researchers with user-friendly access to mine data sets and their
contextual information in order to facilitate and optimize research
efforts. The data and contextual information can vary from re-
searcher to researcher. Equally important, the solution platform
must offer a single point of access that minimizes demand on min-
ing personnel by eliminating duplicate data requests.

The data sets that are needed for this project are created and
stored by mining companies in disparate data management sys-
tems. An important component of the project is to put in place
the protocols, adapters, and converters that bring these datasets in
the data warehouse in consistent formats and to update them on
a regular basis.

The following tools are envisaged:

— Topical data browsing

— Data querying/filtering

— Visual data browsing and querying
— Downloading

Users Portal

- Visual data queryin
- Visual data grogisln%

- Data download
- Results sharing

e
I analytical tools

scoping documents

Data
Warehouse

i | -User role control - Data
Users - Data discovery standardization
Data exploration tools - Data
organisation
- Data storage

Figure 8: Proposed system architecture and components, from the original SUMIT Data Management
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— Posting back research results

For the SUMIT project, the following mine datasets are envisaged:
— Mine infrastructure, i.e. mine openings
— Seismic events catalog
— Seismic triggered waveforms
— Geology data (mapped and interpreted)
— Drill hole logging data
— Plant activity
— Mobile equipment activity
— Extensometer measurements
— Blast reports
A graphical summary of the required system from the original
scoping documents is shown in Figure 8.

Methodology

The following design requirements to meet the system objectives

were defined:

— Data is organized by mine site (or “project”) and data type

— A permissions system defines which users have access rights to
read, write, view, and download data

— All data have the capability of time-variance

— Data formats are user-defined

— A file and document management system enables linkages be-
tween data and associated files (such as image or other binary
files) and documents

— A “tagging” system is used to label and query data

SUMIT 1B I

— The primary system interface is a web browser that can be used
on a desktop or tablet device

— A powerful, desktop 3D visualization application is used for
querying and viewing data in the 3D mine context

— A reporting system allows reports to be generated on user de-
mand or according to a schedule, in which case the reports are
automatically created and emailed to a specified user group.

— The system contains an Application Programming Interface
(API) that allows third-party applications to communicate with
it.

Summary of Findings

A system that meets the design requirements has been successfully
developed and deployed. Figure 9 illustrates a basic system sche-
matic, showing key components including the back-end database
server, the mail server for report distribution, the web browser
client as desktop and tablet application, the 3D visualization and
query interface (“Geoscience ANALYST”), and the main Geosci-
ence INTEGRATOR server at the centre of the system. A screen
image from the Geoscience ANALYST interface is shown in Fig-
ure 10.

Practical Implications

An innovative and practical data collection, storage and retriev-
al system has been built and forms the basis for further develop-
ments which will help ensure maximum value is derived from
mine datasets, including by using machine learning applications.

st
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Figure 9: Basic system design
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Conclusions

Although required development time meant that the system was not available at its full intended scope for most of the SUMIT project, its
document management and time recording functionality was used by project participants. The system is being deployed as a SUMIT data
archive in 2016. Through the CMIC “Footprints” project, new exploration-themed data types have since been developed. Also through
the Footprints project, which continues to March 2018, the system is being extended to include machine learning functions which will
enable insights to be developed from the wealth of data held within the system. Machine learning applications, deployed directly within

the system, are being specifically researched for the geotechnical hazard assessment problem.
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MODCC - A Mining Observatory Data Control Centre
for Northern Ontario

Team:
CEMI, SNOLAB, CMIC (Canada Mining Innovation Council), Ontario Government (NOHFC)

Title: Damien Duff, Program
Manager; Dr. Nigel Smith, SNOLAB
Director

Role: Coordinate the funding,
construction, and occupation of
MODCC

Collaborators on team: Ontario
Government, CMIC, Objectivity,
Mira Geoscience

Project Goals

Based upon the data collection, storage and sharing needs of the
SUMIT Program and the technology developed within SUMIT to
handle them, build a fully equipped facility which promotes the
location and development of globally-engaged exploration and
mining data analytics expertise in Northern Ontario.

Abstract

MODCC is a data analytics incubation space developed in a col-
laborative effort involving CEMI, SNOLAB and the Canada Min-
ing Innovation Council (CMIC), with some funding provided
through the Ontario Government (NOHFC).

It has been set up at the SNOLAB surface facility as both a phys-
ical and virtual location to foster interdisciplinary data analysis
which promotes data-driven innovation for the exploration and
mining industries.

Context
The scope of the SUMIT Program, involving as it did so many
researchers at different institutions, coupled with a desire which

CEMI had to stimulate a paradigm shift in collaboration and the
speed of R&D outcomes to industry, necessitated a new and mod-
ern approach to data management.

Conventional R&D approaches involve the collection and sub-
sequent analysis of data leading to conclusions released through a
time-honoured journal publication process. Thus, it can take years
for these data, dealt with in this manner, to become exposed. The
rate of R&D outputs which, once released, may lead to significant
improvements for industry, is thus slow. Modern data manage-
ment, dissemination and visualization tools are needed to change
this paradigm and bring positive research solutions to industry
faster.

It was envisaged that modern digital tools, once in place, could
be accessed and used by SUMIT researchers to safely store their
SUMIT data while at the same time being able to share it among
themselves (using strict protocols) and thereby benefit from the
additional value each could bring.

Methodology

Once Geoscience INTEGRATOR was built and its capability and
true potential to be a game-changer for managing large explora-
tion and mining datasets became apparent, a mechanism whereby
it could become foundational to the establishment of a new da-
ta-analysis and management-oriented centre based in Northern
Ontario needed to be found.

In conjunction with SNOLAB and CMIC, CEMI (including
cash and in kind contributions from each) applied for and re-
ceived substantial funding from Ontario’s Northern Ontario Her-
itage Fund Corporation (NOHFC) to build a centre located at the
SNOLAB surface facility in Lively, Ontario. Upon funding and the
completion of construction, a global Request for proposal (RFP)

10
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was issued by CEMI to encourage applications for incubator posi-
tions in data analytics at MODCC.

At the same time, a formal review committee was established
comprised of qualified individuals from Ontario Centres of Excel-
lence (Ron van Holst); the DMZ at Ryerson University (Fil Vari-
no); MaRS Discovery District (Joe Lee), SNOLAB (Chris Jillings)
and CEMI (Brian Jones, Mike Richer and Damien Duff).

Summary of Findings

MODCC has been successfully built at the SNOLAB surface facili-
ty as both a physical and virtual location to foster interdisciplinary
data analysis which promotes data-driven innovation for the ex-
ploration and mining industries.

Support for Information and Communications Technology

Practical Implications

MODCGC is an operating entity presently with two data analyt-
ics/management start-ups and one SME in residence for an initial
2-year incubation period. Each is working on algorithms and re-
lated software products with a plan to commercialize them at or
near the end of their 2-year tenure at MODCC. Mira Geoscience
plans to make MODCC a hub for its mining data analytics/man-
agement commercial service, beginning in Q1, 2017.

Conclusions

The time for novel data analytics approaches and their adoption
by the mining industry has come. Northern Ontario can become a
knowledge centre for data analytics for the mining industry.
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Rockmass Characterization for Deep Mines

2.1
Rockmass Behaviour Characterization and Optimal Use of Existing
Data to Develop Representative Models

D204
Rock Mass Strength at Depth

2.3

Automated Characterization and Change Detection Within 3D
Digitally Scanned Virtual Excavation Boundary and Borehole Models
to Quantify Rockmass Deformation Response to Mining Over Time
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Rockmass Characterization for Deep Mines

Rockmass Characterization for Deep Mines

— Improvements in synthesis of borehole data to refine relations

Title: Dr. Peter Kaiser, Professor Emeritus between borehole investigation data and rockmass parameters
Role: Principal investigator responsible for delivery for deep mining.

of SUMIT technical program — Establishing limits of applicability of currently available
Collaborators on team: Rio Tinto, Vale, Sudbury semi-empirical techniques such as the Geological Strength In-

Integrated Nickel Operations - A Glencore

I lopi hods if licable.
Company, Newcrest Mining Limited dex (GSI) and developing new methods if not applicable

— Refinement and validation of discrete fracture network genera-
tion tools based on borehole data.
— Characterizing the initial state and changes in the rock mass

Obijectives properties during mining using borehole petrophysical and

As mines progress to greater depths, the ground becomes less borehole geophysical studies.

forgiving and careful ground characterisation practices must be ~ — Detection of rockmass changes using LiDAR or other surface

followed to establish representative and reliable rock mass prop- imagery techniques and development of automated algorithms

erties. It was hypothesized that the rock mass strength at depth for change detection using dense point cloud data in boreholes

is drastically underestimated when conventional characterization or drifts (ATV data or LiDAR).

tools and techniques are applied. Hence, the primary goal of this =~ — Deformation measurement interpretation through tress-strain

theme is to develop reliable means for rock mass strength deter- back analyses.

mination in green fields situations. - Development of Georisk assessment procedures to guide sys-
tematic risk assessment for deep mines and an S-GMAT tool for

This involves amongst others: ground motion simulation/monitoring.

CONTEXT FOR THEME 2

“Underground rock engineering to match the rock’s behaviour - Challenges of managing highly stressed ground
in civil and mining projects”

The context for Theme 2 is well described by Dr. P K Kaiser’s 2016  the actual behaviour of a rock mass. The abridged version of
MTS lecture and the key messages of the lecture are outlined in the  the lecture (Kaiser 2016) presents a brief discussion of aspects
ARMA and ISRM newsletters (Kaiser 2016) in the form of a brief ~ of underground rock engineering where dichotomies exist and
executive summary with selected extracts from the slide deck. The ~ gaps between reality and current practices have to be closed by
reader is referred to related publications for detailed explanations.  the application of recent advances in rock mechanics to arrive at

In the spirit of the conference theme “new exciting advancesin  sound rock engineering solutions.
rock mechanics’, this lecture introduced several recent advances
that are awaiting application in engineering practice and aimed = e
at opening new paths of discovery by questioning implicit Unravémmng:
assumptions in standard engineering approaches.

A robust rock engineering solution in underground mining or
construction must respect the complexity and variability of the
geology, consider the practicality and efliciency of construction
and provide safe and effective rock support.

For this purpose, it is essential to anticipate the rock mass
and excavation behaviour early in the design process. Whereas
it is possible in most engineering disciplines to select the most
appropriate material for a given engineering solution, in rock
engineering, a design must be made to fit the rock, not vice versa.

Lessons learned from excavation failures (Figure 11) tell us
that stressed rock at depth is less forgiving and that advances in
rock mechanics demand a full comprehension of the behaviour of
stress-damaged rock near excavations.

Comprehension in this context means explaining all
observations such that fiction can be separated from reality and
our engineering models and methods become congruent with

Figure 11: Examples of excavation instabilities in stressed rock
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Much progress has been made in recent years in rock mechanics
and these findings are now available for better and more robust
engineering designs, i.e., designs that match the rock mass and
excavation behaviour and thus can be constructed without undue
delays and without excessive costs.

Furthermore, observations of rock behaviour to verify the
applicability of design approaches are essential for sound and
robust engineering. With systematic observations and correct

SUMIT 2 I

interpretations, fiction can be replaced by models of reality and
solutions can be found that fit the rock.

Publications

Kaiser PK 2016. Underground rock engineering to match the
rock’s behaviour - a fresh look at old problems. MTS lecture at
50th US Rock Mechanics Symposium, p.6.

Team:
Queen’s University — Drs. Mark S. Diederichs and Jean Hutchinson with students: Gabe Walton, Jenn Day, Connor Langford and
Toannis Vazaios, Cortney Palleske, Dani Delaloye, Felipe Duran, Michelle vdP Kraan and Shaun O’Connor.

Title: Drs. Mark Diederichs and
Jean Hutchinson

Role: Co-Pl's

Collaborators on team: Vale,
Codelco, Antofogasto Minerias,
Sudbury Integrated Nickel
Operations - A Glencore Company

Abstract

This work focussed on geological and geotechnical inputs into
analysis and decision making for mine design, including support
considerations. The Geotechnical Model is intimately dependant
on the Geological Model, although modern rock engineering
techniques often ignore this association. Within this component
of the work, led by O’Connor (2015), the linkages between geolog-
ical modelling decision making and the resultant magnitude, vari-
ance and importance of key geotechnical parameters is explored
primarily with a view to highlighting this important linkage as
critical to modern site investigation.

As well, this project has built on existing expertise in the use of
laser scanning (LiDAR) and data processing to extract geotech-
nical data, progressing to the use of LiDAR data to accurately de-
termine and map deformations and change within underground
excavations. This represents a significant step forward in the use
of field data for model validation and calibration, leading to in-
creased reliability of design modelling.

Context

The work summarized here was all executed within a common
framework of improving data collection tools for geotechnical in-
put, improving geotechnical analysis tools for predicting rockmass
movement and response, and improving monitoring and mea-
surement tools for model inputs, validation and calibration. Mines
are being developed in deeper environments, with increased up-
front development and in increasingly complex geological and
geomechanical domains. These challenges present an inevitable
increase in geohazard potential for the early development and for
the mining lifetime as a whole.
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The key components of Geo-Risk can be summarized as shown
in Figure 12.

In this flow chart, uncertainty is first introduced into the geo-
technical design process through the formation of the geological
model. While there is some feedback from logistical mine design
and from geotechnical model generation, the majority of this geo-
logical model is formulated during the exploration and evaluation
stage for an orebody. The geotechnical model is then normally
“piggy-backed” onto the geological model. It is at this geotechni-
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Figure 12: Geo-Risk framework for mine design
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cal stage that most past work related to engineering uncertainty
has been carried out, with the result that the variability and reli-
ability of geotechnical parameters have been quantified to varying
degrees. There is, however, an equal or greater uncertainty with
respect to anticipated failure or behavioural modes.

Such analysis models only benefit from enhanced input data
if there is confidence that the modes themselves are reliably pre-
dicted. For most projects, there will be uncertainty related to the
mining model. Designs can be sensitive to initial planning and it
is common that mine plans get modified on a strategic and tacti-
cal level throughout the mine life. It is important to consider this
sensitivity. The impact model for rockmass behaviour, while un-
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derstood, is often not formalized. It is important to understand
the roles of monitoring (detection), operational sensitivity and
flexibility, and preventive options in the overall project Geo-Risk.
All of these aspects feed into qualitative or quantitative analyses of
hazard within the project. The end result is therefore a measure of
georisk that can feed into decision making based on a risk accept-
ability and tolerances within the project.

This model, developed by the Queen’s Geomechanics Group
with past CEMI support is an important framework from with-
in which the contributions of the three recent Queen’s Geological
Engineering SUMIT subprojects can be conceptualized.

2.1 Rockmass Behaviour Characterization and Optimal Use of
Existing Data to Develop Representative Models

Context

The Geotechnical Model is intimately dependant on the Geolog-
ical Model, although modern rock engineering techniques often
ignore this association.

Methodology

Early geological studies, structural and geotechnical investigations
to identify and more rationally analyze rockmass behaviour for
geotechnical mine design were integrated. Rockmass strength,
structural control and secondary influences are the focus with an
emphasis on improving reliability of measurement while consid-
ering the natural uncertainty (variability) within the associated
geomaterials and complex geosystems associated with mining.
Ultimately, this work feeds into analysis models where the uncer-
tainty can be properly considered.

Summary of Findings
The linkages between geological modeling decisions and key geo-
technical parameters are critical. Figure 13 illustrates this associ-
ated with a few examples. Based on the level of exploration data
available, the number of geological components identified within
local regions of the model and linkages to geotechnical param-
eters, the uncertainty of the geological interpretation can be as-
sessed (dependent on data density but also on the number of com-
peting and possible alternative interpretations) as can the relative
sensitivity of geotechnical parameters to the small or large variants
in geological interpretation. A schematic association is shown in
Figure 14.

A second component of this sub-project involved testing and
validating tools that are now available for the creation of virtual
rockmasses, namely discrete fracture networks such as that gen-
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erated from the photogrammetric scan in Figure 15. These
new tools show promise to move rock engineering beyond the
standard practice of rockmass classification coupled to empir-
ical or continuum analytical/numerical analysis.

These DEN models are significantly complex, however, and
validation and/or verification of the model is often impossible
or impractical at a large scale. It is essential to understand the
limitations and sensitivities of these DFN modelling tools and
the resultant models to input variability, bias and sampling ar-
tifacts as illustrated in Figure 16.

This component of the sub-project, led by Palleske (et al)
has been successful in identifying critical considerations for
valid modelling of this type and providing guidance to the
engineer or geologist user of these tools with respect to data

s
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Figure 16: Workflow for processing LIDAR data to obtain structural
data to generate a DFN which can be probed and sampled (after
Palleske et al)
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Figure 15: DFN (lower) generated from photogrammetry survey
(upper) after Palleske et al
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Figure 19: Consideration of Interblock and Intrablock rockmass
structure after Day et al
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Figure 21: Comparison of logistics(Nickel Rim South Mine and
En Cuentro Mine, Chile) of core logging techniques suitable for
different analysis levels (after Day et al)

collection (Figure 16), probing techniques (17), and data analysis
for validation and calibration as in Figure 18.

Typically, rockmass structure is considered through classic as-
sessment systems such as Q, RMR classification or through GSI
characterization and empirical rockmass property assessment, to
be used as input into equivalent continuum models. While this
sub-project did not result in new numerical tools for the analysis
of discrete structure as an alternative to continuum analysis it does
explore the engineering promises and pitfalls of emerging tools
and provides customized and extended procedures for mining ap-
plication. Another example of this focus is the work of Day (et
al) to characterize complex heterogenous rockmasses containing

both joints (physical breaks forming “interblock” structure) and
veins (potential breaks forming “intrablock” structure) as illus-
trated in Figure 19. Such rockmasses are typical of orebodies at all
depths although the characterization of mechanical behaviour is
critical for deep mining.

Existing and novel analysis tools are capable of simulating the
impact of this structure but the existing data collection protocols
and modelling practice are in need of upgrading (Figure 20 and
Figure 21). Such was the focus and outcome of this work. Figure
22 summarizes two approaches for integrating interblock and
intrablock structure into continuum models and Figure 23 com-
pares these two discontinuum models.
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(98 Heterogeneous Discontinuum
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Figure 20: Advancements in data collection linked to analysis complexity (after Day et al)
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2 ways to incorporate intrablock structure into characterization
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Figure 22: Two approaches for considering intrablock structure
in rockmass properties including rockmass adjustment (left) and
intact rock adjustment (right) after Day et al
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Figure 23: Comparison of continuum approaches with
discontinuum modelling (Day et al). White numbers indicate
maximum roof yield depth in the three models

One major limitation to conventional geotechnical engineer-
ing practice is that it does not always consider the uncertainty in
predicting the correct rockmass behavioural mode. The dominant
rockmass failure mode is controlled by both the rockmass proper-
ties and also by the mining sequence and geometry. Consideration
of this uncertainty is a critical step prior to rigorous stability as-
sessment or geo-risk analysis (qualitative or quantitative). Typical
failure modes from rockmasses with the same equivalent continu-
um properties (According to Q, RMR or GSI) are shown in Figure
24 from work by vdP Kraan (et al).

Figure 25 illustrates extended analysis along this theme. Here
rockmasses with an identical classification (using the Q system for
example) are analyzed using DFN and discontinuum models to
simulate the differences in failure mode resulting from variances
in the nature of the structure and the stress conditions as well as
tunnel geometry. Variances in shotcrete liner response and bolt
performance are compared and the sensitivity of design (all have

the same empirically designed support) is apparent. This work
was extended to provide tools for quantitative assessment of fail-
ure mode uncertainty. This analysis can then feed into rigorous
quantitative analysis such as that by Langford (et al), as in the ex-
amples shown in Figure 26, to round out the contributions in this
sub-project.

Practical implications
Consideration of uncertainty is a critical step prior to rigorous sta-
bility assessment or geo-risk analysis (qualitative or quantitative)
in mines. Tools have been provided for quantitative assessment of
failure mode uncertainty.
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2.2 Rock Mass Strength at Depth

2.21 OVERCOMING CHALLENGES OF ROCK MASS CHARACTERIZATION FOR
UNDERGROUND CONSTRUCTION IN DEEP MINES

Team:
Laurentian University, MIRARCO - Drs. Peter K Kaiser and Salina Yong with Rob Bewick.

The primary sponsor for this project was Rio Tinto and many col-
laborators including Florian Amman and Matt Pierce also made
to this project.

Abstract

Rock mass characterization for deep underground construction
and mining offers many challenges. Kaiser et al. (2015) first de-
scribes some of the key challenges when characterizing highly
stressed brittle rocks and then offers some guidance on how to
arrive at reliable rock mass strength parameters for deep mining
applications. Focus is placed on characterization for rock mass
strength determination. It is illustrated how the common use of
currently available rock mass characterization systems tend to
underestimate the strength of rock at depth. Modifications to
currently adopted approaches, i.e., the use of Geological Strength
Index GSI for rock mass strength determination, are presented.

Context
The context is given by Kaiser et al (2015): For green fields proj-
ects, the first challenge of rock mass characterization stems from a
lack of access to examine the rock mass at scales larger than typical
core sizes (i.e., ~63mm in diameter) until late in the mine design
process when the flexibility for making changes is constrained.
Hence, rock mass characterization often has to rely on information
derived from boreholes alone (e.g., core, logs, etc.). This challenge
is lessened when mines are expanded from existing operations. A
second challenge is related to changing rock mass behaviour with
increasing depth and stress. At depth, the rock is highly stressed,
thus closer to failure, and often highly confined which leads to
a higher interlocking with elevated strength but more brittleness.
The goals of rock mass characterization are to be tailored to
the technical goals of an investigation. For example, for cave en-
gineering, the workflow includes the assessment of five key engi-
neering aspects (Brown, 2007): Caveability; fragmentation; cave
performance; extraction level stability; and mine construction
(rock support). Each engineering aspect must address specific
engineering questions and each design component is influenced
by different rock mass behaviour aspects and thus is dominated
by different rock mass properties, e.g., the vulnerability to stress
fracturing (spalling), the bulking characteristics for flow control
and support selection, and the confining stress impact on pillar or
support design. An effective rock mass characterization program,
including logging, mapping and laboratory testing, thus has to
collect and interpret features that are relevant for the above listed
purposes. Some of the predominant factors are: block volume of
defected and non-defected rock; spalling strength; tensile strength
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defects

block
from
joints

Figure 27: A rock mass with joint bounded blocks that contain
veins or other defects; the photograph on the right illustrates a
defected rock

of defects; rock mass modulus; and rock mass strength parameters
for application to low and high confinement design aspects.

Kaiser et al (2015) focus on rock mass characterization of brittle
rock to derive rock mass strength parameters for modelling and
for use in empirical design. Considering page limitations for this
article, the emphasis here is on massive to moderately jointed,
heterogeneous rock masses composed of strong intact rock that
may contain defects with heterogeneities from strength variation
and rock alteration. Such rock masses, as illustrated by Figure 27,
consist of heterogeneous rock blocks bounded by block-forming
open joints.

Conclusions

Common use of currently available rock mass characterization

systems tends to underestimate the strength of highly stressed

brittle and often defected rock. It is demonstrated that this is pri-
marily related to flawed interpretation of rock mass characteristics
derived from boreholes and laboratory tests without proper con-
sideration of, for example, GSI applicability, sorting failure modes
in laboratory testing, and failure modes of rock in underground
settings. The key elements for overcoming these inherent flaws are:

- Accounting for the behaviour of massive to moderately fractured
brittle rocks at depth and its transition from brittle extensional
fracturing in the inner shell to shear dominated fracturing in
the outer shell.

- Accounting for the influence of this transition in failure be-
haviour on the rock mass strength and the limitation in extrap-
olating low confinement strength to high confinement. Extrap-
olation can lead to an underestimation of the confined rock
strength of up to 50%.

- Conducting laboratory tests to separately characterize both the
low and high confining stress range.

- Filtering and grouping laboratory test results according to the
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observed failure mode. Failure modes that are affected by defects
do not represent the intact rock strength but may give, provided
enough test results, a reasonable estimate of the block strength.
If failure occurs along a single defect, the strength of the defect
can be estimated but this data point must then be eliminated
before processing for intact or defected rock strengths using, for
example, the Hoek-Brown failure criterion.

- Using face mapping to provide those parameters that cannot be
derived from boreholes (e.g., joint persistence, waviness, etc.).

— Characterization derived from both boreholes and underground
mapping to help distinguish between defects and block form-
ing joints to determine the applicability of GSI and to eliminate
unreasonably low GSI estimates and thus rock mass strength
estimates.

— Accounting for the scale of the problem and explicit limitation
of the GSI approach. For large block sizes compared to the ex-
cavation and/or strongly interlocked joints at depth, failure is
dominated by intact rock or rock block failure and the GSI ap-
proach underestimates the actual strength in the high confine-
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ment range (outer shell).
- Respecting the applicability limits described in this article, i.e.,
by not applying GSI beyond its range of applicability.
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2.2.2 STRENGTH DEGRADATION APPROACH (SDA) FOR ESTIMATION OF CONFINED
STRENGTH OF MICRO-DEFECTED ROCKS

Team:
Laurentian University, MIRARCO - Dr. Peter K. Kaiser and Navid Bahrani

Abstract

It is known that heterogeneity at the grain scale, such as grain ge-
ometry and mineral stiffness, as well as grain and grain boundary
micro-cracks (called micro-defects) reduces the unconfined com-
pressive strength of rocks. However, how the confined strength
of a rock specimen is influenced by the presence of such features
is not well understood. In this study, PFC2D and its embedded
grain-based model (GBM) is used to investigate the influence of
micro-defects on rock strength under unconfined and confined
conditions. Previously calibrated GBMs with respect to laboratory
properties of intact and heat-treated Wombeyan marble are used
to simulate rock specimens with varying micro-defect densities.
Micro-defects are simulated in the form of grain boundary fric-
tional cracks. The results of numerical simulations are then used
to develop semi-empirical equations that relate the confined peak
strength difference of intact and micro-defected specimens. The
applicability of the proposed approach, called the Strength Degra-
dation Approach (SDA) for estimating the confined peak strength
of micro-defected rocks is demonstrated.

Summary of Findings

The grain-based specimens previously calibrated to the labora-
tory properties of Wombeyan marble were used to simulate mi-
cro-defected rock specimens. Micro-defects were simulated as
frictional grain boundaries. The simulation test results including
the unconfined and confined strengths of intact and micro-defect-
ed grain-based specimens were used to develop a set of semi-em-
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pirical equations, which relate the strength reduction from intact
to micro-defected rocks to the confinement. Therefore, having
knowledge of the unconfined and confined strengths of the intact
rock and the unconfined strength of the micro-defected rock, the
confined strength of the micro-defected rock can be estimated.
The suitability of the Strength Degradation Approach (SDA), was
assessed on the results of published laboratory test data from mi-
cro-defected rock specimens. It is found that the confined strength
of micro-defected specimens can be estimated using the proposed
strength degradation approach. Further investigation on the ap-
plicability of the SDA for estimating the confined strength of de-
fected rocks with varying defect geometries (i.e., persistence and
orientation) and properties (i.e., roughness) is suggested.
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2.2.3 ROCK MASS STRENGTH DETERMINATION FOR DESIGN OF DEEP UNDERGROUND
EXCAVATIONS PRESENTED AS 13TH ISRM LECTURE 2016

Team:
Laurentian University, MIRARCO - Drs. Peter K Kaiser, Florian Amman with Rob Bewick

Abstract

As explained in the context section for Theme 2, it was hypoth-
esized that standard approaches tend to underestimate confined
rock mass strength. This motivated the Laurentian research team
to search for reliable rock mass strength parameters for stability
assessment and support design as this may save billions of dollars
in deep mining.

The challenge for this project was to overcome limitations of
available rock mass characterization systems and to obtaining re-
liable strength parameters for quantitative rock engineering utiliz-
ing numerical models. The objective was to provide guidance on
how to improve to adopted approaches, i.e., proper use of a mod-
ified Geological Strength Index (GSI) including logging, testing,
mapping and rock mass rating methods.

The findings were presented in the 13th ISRM lecture and builds
on a paper presented at the 2015 ISRM Congress in Montreal. It
first describes some of the key challenges when characterizing
rock and then offers guidance on how to arrive at reliable rock
mass strength parameters for the engineering design of deep un-
derground excavations. The limitations of various available rock
mass classification systems, developed for excavation stability as-
sessments and support selection, and rock mass characterization
systems, developed for the purpose of rock mass strength deter-
mination, are also briefly discussed. The main part of the lecture
deals with rock mass characterization for strength determination
and on practical implications for the design of deep underground
excavations. It is illustrated how common practices in the use of
available rock mass characterization systems often tend to under-
estimate the rock mass strength, particularly when well confined
at depth. Improvements to currently adopted approaches are pre-
sented to help overcome these challenges. The practical relevance
of reliable rock mass strength determination is illustrated by case
examples from civil tunneling and mining applications.

Context

As illustrated by Figure 28, one key element for reliable rock mass
characterization is to consider the actual rock mass behaviour
such that representative design parameters can be obtained in a
quantitative manner.

Site characterization is a gradual process of replacing geome-
chanics assumptions with facts and data, starting with borehole
data in green fields operations, enhancing the data with field map-
ping and verifying the quantified measures by monitoring.

Methodology

In this lecture, published on-line by ISRM, the author took the

position:

— Expertise and experience of world-renowned engineers and sci-
entist such as Brown, Bienawski, Cook, Hoek, Terzaghi, Schof-
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Figure: 28: Elements of rockmass characterization

field, and may more, is truly captured in the GSI-approach and,

when applied in a systematic and rigorous manner, serves the

rock engineering community extremely well.
— GSI-approach, combined with a curved (Hoek-Brown) failure
envelope is well-suited to describe the rock mass behaviour
when failing by both extension fracturing and shear rupture.
When correctly applied within the limits of applicability and ver-
ified by field observations, the GSI approach provides the only
means to arrive at reliable rock mass strength parameters for use
in numerical continuum models and for engineering design.

The GSI approach is “simple” and “scientifically tenable” when
combined with rigorous engineering principles and with a sound
understanding of rock mass behaviour.

Summary of Findings

The GSI-system does provide a systematic, field tested, semi-em-
pirical means for the determination of rock mass strength param-
eters when a curved failure envelope properly describes the rock
mass behaviour. However, some deficiencies in the GSI system
have to be overcome for deep underground construction. Am-
ple evidence is presented in case examples during the lecture to
demonstrate that GSI underestimates the strength of rock mass-
es when well confined (> UCS/10 to 15) because the impact of
interlock in strong rock is underestimated (joint roughness and
over-closure causing dilation and cohesion; non-persistence of
even a few % adding much cohesion; and scale and boundary con-
ditions preventing block rotation). It also demonstrated that GSI
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needs to be established independently by published relations be-
tween GSI and RMR or Q.

When GSI is not applicable, as is explained in the lecture, the
block strength matters. Near excavation fractured rock blocks can
rotate but shear rupture dominates in confined rock. Hence it is
necessary to differentiate between inner and outer shell behaviour
and to establish a tri-linear failure envelope to describe rock mass
behaviour and obtain different engineering properties for the in-
ner and the outer shell.

Practical implications

— Spalling behaviour combined with interlock of strong rock leads
to a tri-linear failure envelope for rock involving stress-fracturing.

— Inner and outer shell characteristics differ drastically

— Inner shell is dominated by “Spalling strength” of rock mass

— Outer shell is dominated by “confined rock mass strength’”.

— Strength of blocks bound by open joints controls rock mass
strength when GSI is not applicable.

— Strength of defected blocks controls rock mass strength when
GSTI is applicable.

— The following steps must be followed to obtain reliable rock
mass strengths:

— Independently obtain GSI considering all relevant factors.

— Obtain intact strength sci from triaxial tests after filtering for
defected and structurally dominated sample failures.

— If defected rock, obtain block strength sbl and replace sci by sbl
in GSI equations

— Check for GSI applicability (scale, trace lengths, interlock, etc.).

— If GSI is not applicable, obtain separate rock mass strength pa-
rameters for low and high confinement range (Tri-linear envel-
op for inner/outer shell transition).

— Fit tri-linear rock mass strength envelope for constitutive model
in numerical modelling code

— Establish post-peak strength (not covered in detail) considering
strain-dependence of ultimate or residual test data.

Conclusions

Current rock mass characterization systems tend to underestimate
confined strength of highly stressed rock and the modified GSI ap-
proach presented in the lecture provides a means for reliable rock
mass strength determination for green fields situations as long as
GSI applicability limits are not violated (GSI is typically not appli-
cable for GSI > 60-70 obtained from logging).

If GSI is not applicable, an alternate approach, presented in this
lecture, is followed but the outcomes of classification always need
to be verify by field observations. The key to overcome flaws in
rock mass strength determination are:

— Account for “inner and outer shell” rock mass behaviour

— Do not extrapolate from inner to outer shell behaviour

— Conducting laboratory tests for both low and high confining
stress range

— Filter laboratory data according to the observed failure mode

— Only use intact breaks for strength determination by GSI

— Integrate into observational approach:

— Start with experience-based assumptions but replace them with
data and verified facts.
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Figure 29 illustrates this flow:

~ Borehole/core
logging

Underground
mapping

Verification

Figure: 29. Overcoming flaws in rockmass characterization
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2.3 Automated Characterization and Change Detection within 3D
Digitally Scanned Virtual Excavation Boundary and Borehole Models to
Quantify the ROCKMASS Deformation Response to Mining Over Time

Team:
Queen’s University — Drs. Mark S. Diederichs and Jean Hutchinson with students: Gabe Walton, Jenn Day, Connor Langford and,
Toannis Vazaios, Cortney Palleske, Dani Delaloye, Felipe Duran, Michelle vdP Kraan and Shaun O’Connor.

Context

Modern scanning techniques, including photogrammetry and Li-
DAR (laser scanning), offer the opportunity to improve data input
for rockmass characterization, mine geometry verification and
change detection and displacement monitoring over time (Figure
30). Early work based on past Queen’s developments drove further
optimized techniques (Lato et al and Vazaios et al) for structural
data extraction from 3D point-cloud data (Figure 31).

Methodology

Improved scanning protocols as well as purpose-generated sta-
tistical techniques to accurately and precisely measure and map
displacements and physical changes (fallout) during tunnel/mine
life were investigated and developed (Figure 32).

Summary of Findings

The results of this research and development were trialed, vali-
dated and optimized through field studies initially at Coleman
Mine (Figure 33) through the work of Delaloye (et al) and later

at Creighton Mine (Figure 34) through the work of Walton (et al).
Many technical and logistical challenges (timing, mesh interfer-
ence, atmospheric conditions) were addressed in this work. In the
case of Creighton, LiDAR change mapping correlated well with
detailed deformation monitoring using extensometers (section
4.2). More than 12 graduate students benefited from their direct
or indirect involvement in this work (9 are highlighted here).

Practical Implications

This work has built on existing expertise in the use of laser scan-
ning (LiDAR) and data processing to extract geotechnical data,
progressing to the use of LiDAR data to accurately determine
and map deformations and change within underground excava-
tions. This has led to advances in our ability to create more real-
istic models for analysis, and in our capacity to assess the inputs
and interpret the outputs of such models for design and Geo-risk
reduction. This represents a significant step forward in the use
of field data for model validation and calibration, leading to in-
creased reliability of design modelling.

Geology

Geotech
Model

Figure 30: Rockmass change detection using LIDAR (3D mesh of a tunnel - Vazaios et al).
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Figure 31: Automated structural mapping from LiDAR (Lato et al and
Vazaios et al)

Figure 32: Change and dlisplacement detection over time (Delaloye
et al and Walton et al)

Local Averaging
for High Precision
Change Detection

A 35 P H ks o~ M N

Subsequent Scan

Drift and Face Scan

Figure 33: LIDAR scanning and change detection at Coleman Mine
(Delaloye, Walton et al)
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Seismic Processing and Stress Modeling

Objectives

Modern geophysical techniques permit “looking into the ground” and processing of “fantastic” data sets. This theme was therefore in-

tended to advance the state-of-the-art in both technology development and utilization for purposes assisting in deep mining, not just

exploration. Specifically, the research conducted under this theme focussed on:

— Developing a method to estimate the orientation and magnitude of excavation-induced stress changes though back-analysis of tunnel
deformation measurements for use in far-field stress calibration.

— Development of 3D geophysics to more effectively “see” between boreholes by testing borehole/cross hole radar, seismics, EM and DC/
IP for detection/anticipation of the capabilities of ground conditions and adverse geological structures including cross-correlation of
borehole geophysics with full waveform sonic logs (k, pt, Q) and borehole televiewer logs.

— Extension of 3D Seismic tomography with improved velocity models.

— Study of seismic wave propagation mechanisms and identification of key factors that alter ground motion in complex rocks in deep
underground mines; in particular, PGV (peak ground velocity) distribution along drifts and near the excavation boundaries. The latter
is focused on providing a methodology for improved rock support design.

3.1 Borehole Logging and Petrophysical Lab Studies

Team:
University of Toronto — Drs. Bernd Milkereit; Kaiwen Xia, Paul Young, and students: Kun Guo, Ramin Saleh, Mario Tibbo,
Ken Nurse, Anisa Kassam, Jinfei Cai, Alex Carey, Rakesh Srirajaraghavaraju and Patrick Kanopolous.

mine model through the integration of geology, physical rock
properties, infrastructure, production and backfill. Lab measure-
ments on drill core samples confirmed that most physical proper-
ties of crystalline rocks are highly stress dependent.

The SUMIT data showed that P- and S-wave velocities and
electrical properties are linked directly to changes in stress due to
the reduction of fracture porosity. For rock mass characterization,
borehole geophysical data provide reliable estimates of geotech-
nical parameters such as dynamic Young’s modulus at elevated in
situ stress levels. Borehole televiewer data map the direction of

Title: Dr. Bernd Milkereit, Dr. Kaiwen Xia, Dr. Paul Young

Collaborators on team: Dr. Douglas Schmitt, University of Alberta, minimum and maximum horizontal compression. The continuous
Dr. Wei Qian, Geoserve, Vale, Sudbury Integrated Nickel Operations borehole geophysical and televiewer data confirm the important
- A Glencore Company role of geology, as elastic moduli and concentration of azimuthal

stress vary with lithology. At the SUMIT test site, the first time-
lapse geophysical surveys for stress monitoring were conducted in
Abstract two slim holes in the vicinity of the active mine at one to two km.
Work has lead to the development of a new methodology, instru-

mentation, and work flows for long-term, detailed study of the Context

stress, strain, and time-lapse geophysical responses of a well-char- ~ Knowledge of the magnitudes and directions of stress in the earth
acterized volume of rock in a deep mine. For the SUMIT project,  is fundamental to our understanding of plate tectonics, the forma-
the selected test site was at a seismically active mine at 1-2 km  tion of faults, and the initiation and propagation of earth quakes
depth with dedicated boreholes (I) to characterize the 3D rock at all scales (Duff et al., 2011). Stress controls local failures within
volume through core, logging, and geophysical imaging in order =~ underground structures and stress can influence the geophysical
to quantify the initial stress state and physical properties and then ~ and hydrological transport properties in the subsurface. For ex-
(II) to monitor the temporal and spatial variations of these extrin-  ample, the anisotropy of the principal stresses within the earth af-
sic conditions and stress and associated physical properties within ~ fects the anisotropy of electrical resistivity, seismic wave velocities,
the rock volume over the following three years. In the process, we ~ and permeability.

developed the first dynamic (time variant, time stamped) 3D deep Tectonic stress and stress redistribution from the process of
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mining can lead to unintended consequences as induced stresses
interact with existing fractures and faults (Duft et al. 2010). Thus,
monitoring and understanding stress variations in space and time
are of great importance. As physical rock properties, such as com-
pressional wave velocities and conductivities are sensitive to stress
changes, continuous monitoring of 3D controlled source geophys-
ical data may provide new insights into spatial and temporal vari-
ations of stress at the SUMIT test site.

Conversely, remotely measuring these properties using geo-
physical methods might provide methods to better understand
stress distributions. Ideally, one would hope to be able to map the
stress tensor in 3D within a volume of the earth. This is not so easi-
ly achieved; and often only indicators of stress are all that are avail-
able. Such indicators include geology (the attitudes and directions

Seismic Processing and Stress Modeling

of igneous dikes and sills) and the tension and compression axes of
microseismic focal mechanisms. For better site characterization, a
detailed 3D mine model was built to investigate the role of geol-
ogy and temporal changes due to infrastructure, production and
backfill on seismic wave propagation and how temporal variations
within the 3D mine model affect and distort microseismic data.

The University of Torontos SUMIT research project’s primary
technical goal is to characterize the rock mass through petrophys-
ical and borehole geophysical studies and then carefully monitor
the long-term variations of geophysical properties with time in a
large volume of rock at depths of 1.3 km to 2 km. To achieve this
goal, time-lapse borehole geophysical studies were conducted and
multi-sensor arrays were deployed to assess the magnitude of spa-
tial and temporal changes of the physical rock properties.*

3.1.13D/AD SEISMIC WAVE PROPAGATION IN A DEEP MINE

Context

Currently, only microseismicity is used as a proxy for stress distri-
butions in deep mines. Mine development imposes stress changes
in the surrounding rock that typically induce or trigger seismicity
with a wide range of magnitudes. In an active, deep underground
mine site, controlled production blasts and microseismic moni-
toring are used to better understand the process of rock fractur-
ing, fault slip, and rock deformation. The production blasts and
microseismic events typically have high frequency content up to
a few kHz that leads to small wavelengths on the order of a few
metres in hard rock environments.

Contrasts in the elastic-wave velocities and densities of rocks
are the most important physical properties influencing the overall
seismic response. The seismic wave velocities depend on the in-si-
tu elastic properties, which in crystalline metamorphic and igne-
ous rocks are controlled by mineralogical content, damage, stress,
in-situ fractures, pressure, and saturation. A deep mine site is a
very complex medium for the propagation of the seismic waves
due to the presence of many strong velocity and density contrasts
in the existence of small-scale heterogeneities. This SUMIT study
was conducted at Nickel Rim South (NRS) mine, in Sudbury, On-
tario, Canada. The NRS mine site offers an interesting geologi-
cal setting for fundamental research into time-lapse monitoring
of seismicity, stress, and stress dependent physical properties at
depth.

At NRS, the major heterogeneities with the strongest elastic
contrasts include massive ore bodies, tunnels, stopes and infra-
structure (Figure 35). These contrasts are varying in size and elas-
tic properties and will affect seismic wave propagation and there-
by will impact microseismic waveform data in terms of amplitude,
phase and travel time.

Accurate estimation of amplitudes and travel times of seismic
events are critical parameters that have to be determined at various
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Fig 35: Geological 3D used mine model including ore bodies
(vellow and red), tunnels (gray) and stopes (red). Red and

blue cubes show 3D distribution of 3C geophones and
accelerometers, respectfully at the mine used in this studly.
Boreholes A and B are used for time-lapse geophysical
measurements. Core samples from boreholes A and B are used
for petrophysical and geotechnical studies

“The work which focused on change detection is reported on in the SUMIT #4 section
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Figure 36.1.: P-wave snapshots here represent a simulation of a blast located on the top left corner of model, no mining activity in
designated stope areas. The used source central frequency is 200Hz

reflections and severe attenuation of seismic signal

Figure 36.2:. The mine model shows ore bodies mined out and the voids remaining in stope areas. At a later time, note strong

Figure 36.3:. Snapshots represent the mine model afer orebodies are mined out and voids cemented backfilled. Backfilled areas
generate strong reflection, significant travel time changes, and lateral amplitude variations

locations in a mine. These parameters are useful in preparing risk
maps and to understand better the process of spatial and temporal
stress distributions in a mine. As a result, seismologists are trying
to use more detailed models and more advanced numerical meth-
ods to simulate the propagation of seismic waves more accurately
for such complex mediums. Currently simple constant-velocity
models used for microseismic monitoring at active mines cannot
explain the observed complexities in scattered seismic waves. The
travel time and amplitude of seismic waves derived from the con-
ventional constant velocity models are inadequate for such a het-
erogeneous medium.
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Since the complexity of seismic wave propagation can affect
the distribution of energy significantly, the use of a more accu-
rate model is required to predict ground motion. For example,
the conventional empirical method used to calculate peak particle
velocities and accelerations (PPVs/PPAs) tends to underestimate
the intensity of seismic waves in stopes or areas close to blast sites,
which could be predicted if a more realistic model was implement-
ed. To improve upon this, deep mine modeling of elastic seismic
wave propagation would require detailed 3D petrophysical, infra-
structure, production and backfill data.

With the availability of detailed 3D geological and physical rock
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property data at the NRS mine and advances in computational
seismology, in combination with access to high performance com-
puting facilities, a solution for the propagation of seismic waves at
the mine size scale is achievable.

Methodology
For the SUMIT project at NRS, in order to model the effects of
small-scale, high elastic contrasts on the propagation of seismic
waves within a time-varying 3D mine model, a full elastic/visco-
elastic finite difference software package (Bohlen, 2002) is used.
To visualize the effects, a vertical 2D section from a 3D detailed
petrophysics model of an underground mine was used here and
illustrated in Figure 35. The model dimension is 640 m x 640 m x
480 m in x, y and z direction respectively. A Ricker wavelet signal
with a varied central frequency ranging from 50 Hz to 1000 Hz
was used. The model is discretized into structured grids with the
grid cell sizes varied between 0.25 m to 2 m, chosen based on the
selected source central frequency for each simulation.

Summary of Findings
Modeling results in Figure 36 clearly show the complexity of the
propagating waves in mine models. They show that using a homo-
geneous velocity background model is inaccurate in deep mines.
The mine is a very heterogeneous medium resulting in a complex-
ity of wave propagation with variations in amplitude, travel time,
and phase. The significance of these effects strongly depends on
the size, shape, petrophysical properties and the frequency con-
tent of seismic sources. For those simulations with a central source
frequency below 100 Hz, the scattered waves from the ore body or
stopes do not exhibit significant changes in polarity of first arrivals
(not shown in Figure 36), although their travel times are affected.
However, at frequencies above 100 Hz, energy is more scat-
tered and amplitude variation is more significant. Moreover, at

Seismic Processing and Stress Modeling

some locations the presence of shadow zones behind the contrast
is observed. The modelling results verify the amplification effects
on both P and S wave amplitudes at regions with a high Vp/Vs
ratio (such as voids or cemented backfill). Sources with higher
frequency content displayed changes in polarity and/or creation
of shadow zones.

The cemented backfill region, a low velocity region, has trapped
the energy, with this effect being more dominant for S-waves. This
region is mainly responsible for changes in amplitudes and travel
times, and clearly shows the need to update the 3D petrophysical
model of the active mine site.

Based on the location of the 3D microseismic array sensors
(Figure 35) in respect to production blasts and ore body, some
seismic recordings show significant travel time deviations (of 10-
15 ms) from those using a half space velocity model. Such a travel
time difference in hard rock environments would translate to spa-
tial location errors of approximately 60-90 m.

Practical Implications

The detailed 3D/4D seismic modeling study conducted at the
NRS mine identifies three potential problem areas for microseis-
mic studies. First, seismic wave propagation is affected by the size,
shape, petrophysical properties and the frequency content of seis-
mic sources. Second, the modelling results verify the amplification
effects at regions within the 3D mine model. And finally, the pres-
ence of voids or backfill in 3D mine models will result in changes
of polarity and/or creation of shadow zones. The existence of such
complexity in recorded seismic waveforms suggest the necessi-
ty for further consideration of such effects in the determination
of focal mechanisms and full moment tensor inversions and the
placement of three-component seismic component sensors within
a microseismic acquisition system.

3.1.2 PHYSICAL ROCK PROPERTY DATA AND FRACTURE POROSITY AFFECTED BY STRESS

Context

The World Stress Map data is determined by stress indicators in-
cluding earthquake focal mechanisms, in situ measurement in
mining, oil and gas boreholes as well as the borehole cores, and
geologic data. Unfortunately, these measurements are not only
infrequent but sometimes infeasible, and do not provide nearly
enough data points with high accuracy to correctly infer stress
fields in deep mines. Improvements in stress measurement of the
Earth’s crust are fundamental to several industries such as oil and
gas, mining, nuclear waste management, and enhanced geother-
mal systems.

Quantifying the state of stress and the geophysical properties of
different rock types is a major challenge in geophysical monitoring
of deep mines. Most stress measurement techniques involve either
the boreholes or their cores, however these measurements usually
only give stress along one axis, not the complete stress tensor. The
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goal of this project is to investigate a new method of acquiring a
complete stress tensor of the in-situ stress in the Earth’s crust.

Methodology
A comprehensive and systematic petrophysical baseline study was
conducted on drill core samples from two deep boreholes (marked
A & B in Figure 35) located in the NRS mine. These boreholes
are approximately 400 m long with NQ diameters and extend be-
tween depths of about 1300 - 1600 m and 1700 - 2000 m. Bore-
hole geophysical logging surveys were performed in both bore-
holes, between October 2013 and July 2015, in order to perform a
time-lapse analysis of the geophysical changes in the mine. These
multi-parameter surveys include caliper, full waveform sonic,
televiewer, chargeability (IP), and resistivity.

Laboratory experiments have been performed on borehole core
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samples of varying geologies from each borehole. These experi-
ments (conducted under room conditions, under uniaxial stress
conditions, and under controlled confining stress conditions)
measured the geophysical properties including elastic modulus,
bulk modulus, P- and S-wave velocities, and density (Figure 37).
In addition, Brazilian disc (BD) sample tests were conducted. Fig-
ure 38 shows a BD test with tensile failure along the line of loading.

Using cores from each borehole, P, S1 and S2 velocity measure-
ments were made using the Floor Standing Acoustic Measurement
System (FSAS) (ErgoTech Ltd). Seismic velocity measurements
were performed with hydrostatic stresses by loading and unload-
ing the samples from 1-60 MPa, remaining within the elastic/vis-
coelastic regime of the rock samples.

Summary of Findings

Constructed seismic velocity-stress curves show that the unload-
ing velocities are higher than the loading velocities, as the cores
have not had time to relax and the cracks are still closed. Figure
37 shows the compressional and shear wave velocity curves as a
function of hydrostatic pressure for a sample taken from borehole
B. Derived products include dynamic Young’s modulus and frac-
ture porosity as a function of hydrostatics pressure (Kaksor et al.,
1999; Asef and Najibi, 2013). The parameters of empirical expres-
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Figure 37: Lab measurements on core samples provide
compressional and shear wave velocity as a fraction of universal
stress. Fracture porosity decreases with increasing stress. Dynamic
Young's Modulus derived from P- and S-waves increases with
increasing hydrostatic pressure. Note the low effective porosities
for hydrostatic pressures greater than 35 MPa
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sion between seismic wave velocity and pressure are fitted based
on the laboratory test data. The results show that compressional
wave velocity, shear wave velocity, bulk modulus, and Birch’s
seismic parameter exponentially increase with axial pressure. In
contrast, rock porosity and crack density parameter exponentially
decrease with axial pressure. With the increase of axial pressure,
the value of rock porosity gradually decreases to less than 1% at
pressures greater than 35MPa. The microcrack porosity within
drill core samples from NRS is highly sensitive to stress variations.
Note that the very low effective porosities at elevated pressures
are important for the interpretation of the time-lapse geophysical
monitoring data in the NRS mine.

Ongoing studies of drill core samples from NRS include con-
trolled triaxial stress tests. The pieces of apparatus used for this
project are geophysical imaging cells capable of hydrostatic stress
(01 = 02 = 03), differential stress (01 > 02 = 63) and the unique
true triaxial stress (o1 > 02 > 03). Velocity surveys can be acquired
along all three axes, and therefore the effects of 01, 62, 63 on the
velocity-stress curve can be obtained. These geophysical cells are
being used to reproduce the borehole P- and S-wave velocities by
altering the differential stress, allowing for the unique position of
determining the stress tensor.

Practical Implications

Physical rock property studies on selected drill core samples con-
firm stress dependent geophysical parameters and very low frac-
ture porosities (of < 1% at stress > 35 MPa). The data showed that
P- and S-wave velocities are linked directly to changes in stress due
to the reduction of fracture porosity.

Figure 38: The Brazilian disc sample after the test with tensile failure
along the line of loading
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3.1.3 BOREHOLE STRESS DETERMINATION METHODS: TELEVIEWER OBSERVATIONS

Context

Borehole breakouts and, more recently, drilling induced borehole
wall fractures, are now state-of-the-art methods for indicating
stress directions. The shapes, orientations, and spacing of these
fractures are often remarkably uniform; and they contain im-
portant information on the state of stress. Thus, boreholes are the
ideal “stress meter” to assess the stress levels and stress variability
within a rock mass. The shapes, too, can provide qualitative infor-
mation on the relative magnitudes of the in situ principal stresses
(i.e. the faulting regime). The spacing of such fractures should be
able to provide some indication of stress magnitudes, but this is
not yet completely understood. The mapping of such drilling in-
duced fractures during core logging and scanning are a necessary
component to any study of stress. Stress concentration results in
the greatest shear stress magnitudes at the two opposite azimuths
aligned with the least compressive horizontal stress (Sh) (Figure
39).

Spalling of the rock at these azimuths occurs should this stress
exceed the material strength; and this results in well-known bore-
hole breakouts. In contrast, tensile drilling induced borehole wall
fractures also exist at azimuths orthogonal to the breakouts and
provide additional constraints on stress magnitudes (Figure 39).

The two major features related to the in-situ state of stress,
borehole breakouts and drilling induced tensile fractures result
from concentration of the virgin in situ stresses by the borehole
cavity. The interpretation of such features is straightforward when
the borehole axis aligns with a principal stress as is the usual case
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Figure 39: lllustration of the concentration of the azimuthal
(hoop) stress by the borehole. Breakouts occur at the azimuth

of the minimum horizontal compression S, Drilling- induced
tensile fractures occur at the azimuth of the maximum horizontal
compression S,
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in sedimentary formations with little surface topography. Using
this case for illustration, the azimuthal (or hoop) stress (Figure 39)
is most compressive at the azimuths perpendicular to the maxi-
mum horizontal compression SHmax. Conversely, in the direction
of SHmax the hoop stress is more tensile and this can in certain
cases produce drilling induced tensile fractures. The azimuths of
these features directly and simply indicate the azimuths of the two
horizontal principal stresses. One could go further and constrain
the stress magnitudes by using the fact that they exist or not (i.e.
breakouts but no tensile fractures or vice versa) and the dimen-
sions of the breakouts.

It is unlikely in the SUMIT study however that the principal
stresses conveniently align with the axes of the deviated boreholes
A & B (in Figure 35). That being said, both breakout and drilling
induced fractures will still be produced but their interpretation is
not straightforward. The preliminary discussion below highlights
the existence of natural fractures and breakouts. We also tenta-
tively point to evidence for what may be incipient breakouts or
spalling on the borehole wall. These ‘speckled’ zones that appear
as parallel bands running along the borehole axis strongly suggest
that they are related to the same stress concentrations that pro-
duce breakouts.

Such breakouts and drilling induced fractures will be studied
using an ultrasonic borehole televiewer (BHTV), and should bore-
hole conditions warrant, optical imaging devices. In operation,
the ultrasonic borehole televiewer (BHTV) sends out an ultra-
sonic pulse (1-2 MHz central frequency) that propagates through
the borehole liquid to the borehole wall rock where it is reflected
back retracing its path to be recorded. The BHT Vs operate with
the transducer’s beam scanning the borehole wall as the transduc-
er is rotated around the borehole axis while simultaneously being
raised up along the borehole. A measure of travel time (TT) and
amplitude (A) is obtained about every 1.5° azimuthally and every
5 mm vertically. Travel time and amplitude ‘images” provide rela-
tively good spatial resolutions along the borehole axis.

The former TT data can be plotted as a cross section at points
along the borehole; this can be used for high resolution caliper
measurement or to highlight failed zones. This is particularly use-
tul for the analysis of borehole breakouts although they are most
often apparent because of the loss of the reflected signal. Open
fractures, too, appear in the image logs because of scattered and
lost reflections. Valley et al. (2012) showed that BHTV imaging is
fully repeatable in hard rock environments.

Methodology

Here are described some of the features seen from BHTV (ultra-

sonic borehole televiewer) images obtained in the 1300 and 1700

level boreholes (marked A&B in Figure 35) at the NRS mine.
Continuous BHTV logging was obtained from logger depths of

2.37 m to 389.71 m. An optical televiewer log was also obtained

below 300 m depth and it is interesting to first compare the optical
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to the BHTV images (Figure 41). Note that there are two BHTV
images shown in Figure 40. These are the same except that their
point of reference changes. In the middle panel the image is ori-
ented with respect to the top (high side) of the borehole and look-
ing down from the surface sweeps clockwise around the borehole
azimuth. The rightmost panel shows the same BHTV image but as
referenced to the azimuth of magnetic north. Which image is used
may depend on the user’s needs.

Summary of Findings

The optical televiewer shows in detail much of the geological
variability within the formation with light and dark bands rep-
resentative of the lithology. This is useful in that it can be directly
compared to the existing core and used to orient it. It is important
to note that a planar feature (such as a natural fracture) that inter-
sects the borehole obliquely will appear in the unwrapped image
as a single cycle sine curve. The azimuth of the minimum of the
sine directly indicates the dip direction while the sine’s amplitude
can be converted to dip angle.

The existence of an ‘open’ natural fracture is readily apparent
in the BHTV images by the fact that they make the surface of the
borehole rough and scatter the ultrasonic pulse. This causes them
to appear as the dark line indicative of lost signal. In contrast, the
optical image displays many sinusoidal features that mostly are
geological contacts between differing lithologies. Thus, based on
this optical image alone it would be very difficult to interpret the
sinusoidal feature as a natural fracture as it does not appear signifi-
cantly different from other sinusoidal features above and below it.

We have also interpreted ‘incipient breakouts’ in the BHTV im-
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ages that are dark, speckled bands at opposite azimuths around
the borehole. As noted, these may be related to in situ stress but
the point here is that while they are very apparent in the BHTV
images, this effect is not at all seen in the optical images.

No drilling induced tensile fractures are apparent in the current
BHTYV images for borehole B. Borehole breakouts however, appear
over a number of intervals within B, with one good example pro-
vided in Figure 41 which highlights a four-metre section centred
at 194 m. Black zones, indicative of lost ultrasonic reflections, are
clearly apparent within the unwrapped image in the central pan-
el; such streaks typically are indicative of borehole breakouts in
BHTYV images. This interpretation is further supported by views of
average cross sections (i.e. 2D plots of the measured transit times
around a full scan averaged over a short interval) showing the
classic ‘dog-ear’” shape produced by shear failure of the rock at the
two opposing azimuths.

The features in Figure 41 are unambiguously interpreted as
breakouts on the basis of their azimuthal orientation and symme-
try with respect to one another. Plots of the borehole cross-section
over these zones show the borehole to primarily be in gauge and
circular. Such features are not, to our knowledge, previously de-
scribed in the literature. Here we tentatively refer to these features
as incipient breakouts in which the surface of the borehole appears
damaged by, perhaps, irregular spalling over zones subject to high
compressive stresses. We believe that these features may provide
additional information about the state of stress but we note that
this remains to be proven. They are also significantly more preva-
lent along the borehole than are the classic breakouts.

We further carried out an analysis of the azimuths of both the
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borehole B
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observed borehole breakouts and the potential incipient borehole
breakouts over the entire length of the borehole. The statistics
of the orientations of these features are presented in Figure 42.
The breakout directions are remarkably consistent over the entire
length of the borehole from depths of 6 m to 391 m. Note how-
ever, that Figure 42 is referenced with respect to the high side of
the borehole (at 0° such that the vertical direction is indicated by
a line from 0° to 180°). One may be tempted to employ the stan-
dard interpretation for a vertical borehole aligned with a principal
stress, but this is not the case here for the deviated borehole that
was arbitrarily aligned with the stress field. A full interpretation of
these breakout and incipient breakout directions will require anal-
ysis using the more sophisticated full 3D equations that calculate
the stress concentrations around an arbitrarily oriented borehole
(not shown in this paper).

In contrast, the BTHV data acquired in borehole A show few
breakouts or even incipient breakouts. However, there are sub-
stantially more fractures observed in borehole A.

The image log for borehole A yielded 525 clearly interpreted
fractures (those that could be easily traced as sinusoidal features in
the BHTV images) are included. It is important to note that within
this data set no distinction was made for whether the fractures
might be open (and responsive to the present-day stress field) or
if they are closed. One can possibly make this separation by using
the corresponding TT log where we might expect an open frac-
ture to scatter the acoustic signal so that it is lost and has a transit
time signature. In contrast, during coring the bit passes through a
sealed fracture with no obvious expression in the TT image. The
orientation statistics of the 525 picked fractures show no single
dominant fracture alignments.
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Practical Implications:

Borehole televiewer data confirm highly variable breakout and
fracture patterns. An analysis that uses only open fractures may
also provide additional constraints to the in-situ stress field.

Figure 42: Rose diagram for the orientations of the borehole
breakouts and possible incipient borehole breakouts observed in
the borehole B BHTV image log. O° indicates the high side of the
borehole

3.1.4 BOREHOLE GEOPHYSICS - FULL WAVEFORM SONIC LOGGING

Context

In many geotechnical applications, borehole logging is used ex-
tensively to measure physical rock property contrasts and evaluate
the quantitative link between geology and geophysics.

Methodology

Full waveform sonic logging was conducted in two boreholes
(marked A & B in Figure 35) using a 1-transmitter and 4-receiver
wireline sonic logging tool at the NRS mine. The data was pro-
cessed using the Full Waveform Sonic (FWS) Processing Module
from Advanced Logic Technology’s WellCad version 5.0 software
package. Raw waveforms were filtered using a frequency bandpass
trapezoidal filter to remove noise and capture the acoustic signal
detected from the adjacent rock.

In order to obtain velocity measurements from the waveforms,
the slowness (inverse velocity) was picked for each waveform
along the entire log. Before the slowness is picked, the signals are
stacked and cross-correlated between all receivers using the Pro-
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Figure 43: Velocity analysis output for 2013 (A) and 2015 (B) full
sonic waveform logs from semblance processing of the filtered and
stacked signals for 240-270 m depth of borehole A . Warm colors
indicate high correlation of seismic waveform data
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cess Semblance algorithm to the semblance at each depth position
along the borehole. The semblance is the ratio of coherent energy
of the stacked signals to the total energy of the individual signals.
An example of semblance outputs from the borehole A is provided
in Figure 43.

Summary of Findings

Repeat measurements of Full Waveform Sonic logging were taken
from borehole A in 2013 and 2015. It is observed that the wave-
forms are stable and allow for P-, S-, and Stoneley wave picking
from which seismic velocity can be extracted. There were no sig-
nificant changes from 2013 to 2015. S- and Stoneley waves show no
variations in signal. There is a slight amplitude change in P-wave
but overall the repeat measurements are comparable.

Once velocity measurements are obtained after semblance
processing, they can be used to compute dynamic elastic moduli
properties. If elastic wave velocities and the bulk densities are ob-
tained from measurements, then elastic properties for a material
could be calculated. However, using high quality waveform data
to obtain P-wave (Vp) and S-wave (Vs) seismic velocities, seismic
logs can be used to calculate dynamic elastic properties (Yilmaz,
2015; Schoen, 1996). Young’s modulus relates to the amount of
stiffness of an elastic solid expressed by the ratio of stress to strain
in a uniaxial state.

Using Vp and Vs measurements from borehole B and density
bands of 2.7, 2.8, 2.9 g/cc, a pseudo-Young’s modulus is calcu-
lated. The velocity analysis and Young’s modulus measurements
for borehole B are provided in Figure 44. Additionally, several
deformational lab experiments were conducted on samples from
borehole B measuring the tensile strength of the rock. It can be
observed that the lab samples and pseudo Young’s modulus fol-
low the same trends along the borehole changing in parallel over
different lithological units relating to the different stiffness of each
rock type. Similar trends are observed in data derived from uniax-
ial compressive strength (UCS) and Brazilian disc test for tensile
strength (Figure 38).

The measured variation in the rock properties (such as P- an
S-wave velocities, dynamic Young’s modulus, uniaxial compres-
sive strength, and tensile strength with depth) are plotted in Fig-
ure 44 and show the variation of geophysical parameter and elastic
moduli tensile with depth and geology. Figure 44 also shows that
there are significant changes in these elastic as well as strength
properties due to change in the lithology along the depth of both
the cores. Horizontal bars indicate the results from the loading
measurements for the borehole core samples (from 0 MPa to 50
MPa, Figure 37) compared to the corresponding in situ borehole
velocities and derived elastic moduli. At 50 MPa, the lab mea-
surements and the in-situ borehole data are in good agreement.
Also, note zones of high and low dynamic Young’s modulus exist
in borehole B.

Practical Implications

Full waveform sonic data show highly variable velocities and asso-
ciated dynamic elastic moduli. The combined lab and field studies
confirm that full waveform sonic data can be used to obtain reli-
able estimates of in situ dynamic elastic moduli (at elevated in situ
stress levels > 35 MPa).
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Figure 44: Compressional (P) and shear (S) wave velocity logs in
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MPa, the lab measurements and the in situ borehole data are in
good agreement. Also note, zones of high and low dynamic Young's
modulus exist in borehole B
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Goals

Document a procedure for accurately measuring excavation-in-
duced drill and blast tunnel deformation using LiDAR point
clouds.

Develop a method to estimate the orientation and magnitude of
excavation-induced stress changes though back-analysis of tunnel
deformation measurements for use in far-field stress calibration.

Abstract

The practical feasibility, applications, and limitations of calibrat-
ing far-field stress estimates through tunnel deformation mea-
surements captured using LiDAR imaging have been investigated.
LiDAR point clouds currently have many underground mining
applications, so it is desired to determine additional uses for

37

the data. A method, based on the superposition of stresses, that
produces estimates of the orientation and magnitude of excava-
tion-induced stress changes through back-analysis of deformation
measurements from LiDAR imaged tunnels has been developed
and tested using synthetic data. Excavation-induced stress esti-
mates can be used for far-field stress calibration.

Initial testing of the method was done under ideal conditions,
with various scenarios representing more realistic conditions test-
ed separately. Under ideal conditions, the back-analysis method
estimated stress change orientations within +5°, and magnitudes
within +2 MPa. Preliminary testing involving plastic deformation,
rough tunnel profiles, and profile occlusions suggests that the
method can work under more realistic conditions. In addition to
the back-analysis estimation method, a procedure based on ex-
isting techniques to accurately measure tunnel deformation using
LiDAR imaging has been documented.

Context

Traditional methods of far-field stress estimation such as overcor-
ing, hydraulic fracturing, and flat-jack methods are single-point
measurements of stress and can be a poor representation of far-
field stresses, as point measurements can be influenced by nearby
excavations and geological structures. These methods are expen-
sive and time consuming, which reduces incentive to perform sup-
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plementary tests. For these reasons, far-field stress estimates can
be associated with a high level of uncertainty. It is desired to re-
duce stress estimate uncertainty to improve mine design through
a better understanding of the surrounding rock mass.

Methodology

One method of reducing uncertainty is through the calibration
of numerical models by matching model output to field observa-
tions. It is proposed that far-field stress estimates are calibrated by
minimizing differences between theoretical excavation-induced
stress changes output by a numerical model and excavation-in-
duced stress changes estimated through back-analysis of tunnel
deformation measurements. A 2D numerical model of the de-
forming tunnel is required for back-analysis. The model is used to
define calibration curves by applying stress changes at known ori-
entations and magnitudes and calculating the resulting deforma-
tion. Deformation measurements of the modelled tunnel profile
are then compared with the numerical calibration curves to esti-
mate the orientation and magnitude of the principal stress change
causing tunnel profile deformation. Estimation of stress change
orientation and magnitude is founded on the superposition of
stresses in a linearly elastic medium and performed by minimiz-
ing squared differences between calculated tunnel and calibration
curve deformation.

A total of 84 back-analysis tests using numerical models have
been performed to assess the method’s proficiency for a linear-
ly elastic medium. Four different tunnel profile shapes were used
(Figure 45) to show the method is not dependent on a certain pro-
file shape. In deep mines, it is likely there will be some degree of
fracturing and plastic deformation around excavations.

Tests have been performed on a linearly elastic medium to iso-
late and analyze the effects of various scenarios. For each mod-
el, uniaxial, biaxial, and hydrostatic stress changes 2.5 to 30 MPa
in magnitude were applied at various orientations. For base level
tests, perfect knowledge of the rock mass properties was assumed.
Following base level testing, more realistic scenarios were tested
including a distorted tunnel profile, profile occlusions, inaccurate
rock mass properties, and plastic deformation (Figure 46).
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Summary of Findings

The method was accurate in estimating the orientation and mag-
nitude of various stress changes under ideal conditions. The max-
imum orientation estimate deviation was 5°, with the majority of
estimates having no deviation. Magnitude estimate deviations av-
eraged less than 0.5 MPa with a maximum deviation below 2 MPa.
Hydrostatic stress changes resulted in the greatest estimate devi-
ations. Sensitivity analysis suggests that a distorted tunnel profile
and occlusions have little effect on estimates. Plastic deformation
had varying effects on stress change magnitude estimates and no
effect on stress change orientation estimates.

Practical Implications

The results from this project set the groundwork for the continued
development of a far-field stress estimate calibration method us-
ing tunnel deformation measurements. The next step would be to
test the method on a real tunnel, measuring deformation using the
proposed procedure. Further theoretical testing would be benefi-
cial for method refinement.

LiDAR point clouds have been shown to have underground
applications such as shotcrete thickness calculations, identifying
regions of potential leakage, large-scale roughness determination,
detecting geological features, and as-built bolt spacing measure-
ments. With LiDAR data being collected for these purposes, a
method of far-field stress calibration using point clouds would be
an inexpensive and efficient method to improve on far-field stress
estimates for mine design purposes.
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3.3 Real-Time Monitoring of Geophysical Data in Deep Mines

Team:
University of Toronto (see 3.1)

Project Goals

As physical rock properties, such as compressional wave velocities and conductivities are sensitive to stress changes, continuous moni-
toring of 3D controlled source geophysical data may provide new insights into spatial and temporal variations of stress at the SUMIT test
site.

Abstract

Over a two-year period, the large volume rock mass (of approx. 2,000,000 mA3) in the immediate vicinity of an active mining zone
exhibited reduction in resistivity, indicating small fracture porosity reduction due to higher stress levels. In contrast, a large rock mass
surrounding a much deeper control borehole away from mining showed no change in physical rock properties over the same period of
time. Borehole-based electrical measurements are ideally suited to monitor the rock volume around a borehole as resistivities are more
sensitive to temporal stress variations than seismic velocities (for very low fracture porosities).

3.3.1 MONITORING CHANGE - TIME-LAPSE GEOPHYSICS

Context
For earth materials within lithostatic pressure, the bulk electrical ~ hole’ wellbores. Other technologies do exist to measure stress, but
resistivity of the materials is not only controlled by the conductive ~ at least with current availability, these require larger wellbores

phases, but largely influenced by combinations of porosity, per-  more typical of the petroleum industry (e.g. shear wave anisotro-
mittivity, fracturing, fluid content and their interactions (Archie,  py from dipole sonic logging, high resolution mechanical caliper
1942, Ward, 1990, Glover, 2010). Under various experimental set-  measurements) or are only appropriate in shallow borings extend-
tings, researchers have reported a relationship between resistivity ~ ing from mines (e.g. over-coring methods, optical holography).
of crystalline rocks and compressional stress and such a relation- A disadvantage of these methods is that they can usually only be

ship can be highly non-linear. In general, stress induced change of ~ applied once (drilling induced fractures) or due to the expenses of
resistivity in crystalline rocks can be attributed to changes in pore  logging and hydraulic fracturing they can only be applied a limit-
shape and pore space, which closes or opens cracks and fractures  ed number of times.
and alters the conduits of fluid and current flow within the rock Although this has not to our knowledge been attempted, use of
volume. both borehole imaging and even hydraulic fracturing in a time-
The methods detailed in the earlier reported work (Borehole  lapse sense to look for potential changes with time will be one
logging and petrophysical lab studies) currently represent the state ~ possible option for observing changes in the stress. A repeated
of the art with respect to stress determination from deeper ‘slim-  survey could be employed, for example, in the time period follow-
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ing a significant microseismic event within the volume of rock to
be studied, although there could be logistical difficulties with this
approach.

Methodology

Over the course of 2013 to 2015, time-lapse direct current resis-
tivity and induced polarization (DC/IP) surveys were conducted
along two boreholes as part of the multi-parameter geophysical
surveys in a deep highly stressed mine located in Sudbury, On-
tario, Canada. The two boreholes are approximately 400 m long
with NQ diameters at depths of about 1300 - 1600 m and 1700
- 2000 respectively (Figure 35). The DC/IP measurements were
taken using a Wenner array with minimum electrode spacing of
4 m (Figure 47).

Current is injected at electrode A (+I) and sinks at electrode B
(-I). Potential difference AV is measured between electrodes M
and N in the centre of current electrode A and B. During the sur-
vey, the current electrode spacing AB is increased while the poten-
tial electrode spacing MN remains the same. The electrode array
AMNB is moved along the borehole to cover the entire borehole
profile. The potential difference between M and N

L S B
AATt AM T BM AN BN O

AV
_ = 47
Pm *”“/; RN
AM BM AN B

and apparent resistivity (pa) can be calculated by rearranging
Equation (1) where k is the geometry factor for a certain electrode
array. The apparent resistivity can be plotted against N-spacing of
the electrode array and gives the apparent resistivity pseudo-sec-
tion, in which N is multiplier of the minimum electrode spacing as
spacing between current electrodes A and B are increased during
the survey. In general, greater N corresponds to greater depth
(or radius, in the case of a borehole) of investigation. A large,
multi-electrode DC/IP borehole array will sample a large volume
rock mass (of approx. 2,000,000 m»3 for N=10) around the bore-
hole.

Valley et al (2012), showed that the multi-electrode borehole
DC/IP acquisition system is able to obtain reliable down-hole
measurements and provides excellent repeatability that favours
4D monitoring surveys.

5‘1_."= lc’r.l

Summary of Findings

Figure 48 (a) to (c) depict the time-lapse apparent resistivity
pseudo-sections of borehole A (1300 level) from 2013 to 2015.
N-spacing indicated radius around borehole A (N=1 represents
4 m radius, N =10 represents 40 m radius). The red colours at large
radii (9<N<11) indicates the presence of the conductive ore body
at about 40 m distance. Note the overall decrease in resistivity over
the two year-period. Comparing resistivity data shown in (a), (b),
the off-hole apparent resistivity along the 1300 level borehole in-
creased up to 400%. Correspondingly, between 2013 and 2014, the
1300 level was experiencing active mining operations nearby.
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Figure 49: Apparent resistivity pseudo-section of 17700 level borehole
B measured in 2013 (a), 2014 (b) and 2015 (c). The section samples

a volume around borehole B and no significant change in bulk
resistivity are observed at the deeper exploration area

The full-waveform sonic tool, which has a much higher lateral
resolution but shallower depth of investigation, captured almost
no difference. Our petrophysical analysis shows the rock mass at
the mine is mostly resistive and has less than 1% porosity (Figure
35). The recorded increase in resistivity may be related to an in-
crease in the stress field due to nearby rock extraction, which clos-
es micro-cracks and reduces the total porosity of the rock mass.
Such a small change in porosity (less than 1%) does not result in
observable change in acoustic velocity. However, it can increase
the electrical resistivity by orders of magnitude in a resistive en-
vironment.

On the deeper 1700 level (borehole B in Figure 35), the large
array borehole resistivity data were acquired in 2013 (a), 2014 (b)
and 2015 (c). The resistivity pseudo section sampled a volume
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around borehole B with no significant change in bulk resistivity being observed (Figure 49).

At the deeper exploration level, the rock mass only experiences exploration activities such as exploration drilling and not much change
in stress field is expected. Correspondingly, our resistivity measurements show no time lapse differences (compare results with time-lapse
data from the 1300 level shown in Figure 48).

Practical Implications

The non-destructive borehole direct current (DC) electrical resistivity measurements are sensitive to small change in pore space in a re-
sistive environment. This favors the use of borehole resistivity tools for time lapse stress monitoring of a large volume, low porosity rock
volume in an active mining environment.
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3.3.2 H/V SEISMIC RATIOS FOR MONITORING CHANGE

Context the vertical is due to the P-wave. Simply put, the H/V ratio is a
Exploiting the observed dependencies of seismic velocity to stress ~ measure of S- to P-wave energy partitioning. Increased signal in
and fracturing, it is possible that in situ passive seismic monitor-  the horizontal component indicates greater S-wave amplification,
ing in deep mine settings can be used to measure the evolving  and thus higher risk to structures at surface. Building on this
stress regime and/or rock property changes. The intent is to de-  method, inverting of the H/V spectral data can produce S-wave
velop a real-time method that locally samples an immediate rock-  velocity models (Arai and Tokimatsu 2004).

mass to detect any changes that could lead to failure (i.e. a pro- Also, as shown in Figure 50, body waves incident on a free sur-

active mine-safety device). This contrasts with currently utilized  face show partitioning that is dependent on the Vs to Vp ratio (or
microseismic systems that detect activity and calculate the event ~ Poisson’s ratio) (Miller and Pursey 1954). The problem is how to
location to identify instability (a reactive system). A very simple  isolate just the body wave energy where surface waves dominate.

and attractive method is comparing the horizontal and vertical In an underground setting, the tunnel infrastructure does
seismic energies at a location, the H/V method. provide a limited free surface to enact energy partitioning. Tun-

The H/V method works on isolated 3-component receiver sites ~ nel seismology studies show that the mode of wave propagation
and utilizes the horizontal to vertical component transfer func-  changes as the wavelength approaches that of the tunnel diameter

tions. Nakamura (1989) pioneered this on the assumption that the (Jetschny et al. 2010). For shorter wavelengths, the tunnel wall ap-
horizontal component primarily consists of the S-wave whereas  pears much like that of a free surface over a half space, producing
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in lower strip). Resonances at T00Hz and 200Hz disappear as the ground freezes at both sites. When thawing occurs, they are re-established
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surface waves. These are similar to Rayleigh waves, except in that
they wrap around the tunnel. At wavelengths greater than the tun-
nel diameter, particle motion tends towards body wave motion.
For typical hard rock mines, these wavelengths translate to fre-
quencies in excess of 1kHz.

Methodology

On the assumption that stable H/V ratios can be generated in a
mine environment, the sensitivity, time-averaged stability and res-
olution need to be sufficient to show change over longer periods
in response to changing rock-mass properties. An experiment
monitoring two 3-component sites over a winter was performed
to determine if freeze/thaw cycles could be observed.

Summary of Findings

Figure 51 shows a freezing cycle in which H/V ratios reduce with
large amplitude resonances disappearing. After thawing, respons-
es are re-established. This experiment shows that: stable H/V
estimates are generated and do change predictably with ground
conditions.

Practical Implications

It may be possible that in situ passive seismic monitoring in deep
mine settings can be used to measure the evolving stress regime
and/or rock property changes and that a real-time method that lo-
cally samples an immediate rock-mass to detect any changes that
could lead to failure (i.e. a proactive mine-safety device) can be
developed.
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3.4 Remote Geophysical Monitoring of Stress/Strain

Team:
Laurentian University — Dr. Richard Smith and Christoph Schaub

Title: Dr. Richard Smith
Role: Co-PI
Collaborators on team: Vale

Project Goals

The initial intent of this sub-project was to see if there were im-
pulsive random events associated with strain events that were also
evident in the data collected.

Abstract

A test survey in a parking lot indicated that rocks subjected to
stress showed signs of strain (cracking) that could be detected re-
motely using a magnetic field sensor. The cracking also generated
an audio signal. Further work would be required to test this in a
mine using sensors that are cheap enough to be deployed close to
areas that might be subject to stress and strain.

Context

Monitoring stress and strain is important in a mine environment
as stresses can lead to potentially damaging rock bursts. Recent
work claims that stress in rocks results in measurable random
electric field emission (Lichtenberger, 2006; Greiling & Obermey-
er, 2010; Krumbholz, 2010.

Methodology
An experiment was designed to see of the magnetic field emissions
associated with strain related events could be detected. The survey
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Figure 52: Time derivative of the magnetic field shown in blue.
Magenta lines indicate the onset of audible cracking; green lines
indicate their cessation. The final green line also indicates sample
failure. Black arrows indicate magnetic emissions believed to be
associated with stress events

43

was undertaken in a parking lot, distal from sources of anthro-
pogenic magnetic noise. The sensor was an extremely sensitive
magnetometer designed for measuring changes in the magnetic
field associated with fluctuations in the ionosphere and lightning
strikes in tropical regions. Thirty-two rock samples were placed
under increasing axial stress in a load frame. The magnetic field
was measured as the pressure increased, and random events were
seen in the data.

Summary of Findings
It was observed that acoustic (audio) emissions (AEs) were heard
as the rock was stressed, particularly prior to failure. For some of
the samples, a video was taken of the process. Subsequent analysis
of the magnetic field data and the AEs showed that distinct emis-
sion events in the magnetic field data corresponded to AEs heard
on the video.

Figure 52 shows the time derivative of the magnetic field as a
function of time. The time derivative amplifies the high-frequency
emissions and suppresses low-frequency variations.

Practical Implications

Magnetic field sensors or acoustic sensors could be used to de-
tect strain events in rocks that are stressed. The experiment was
undertaken in a low-noise environment. If this procedure is to be
successful in a mine, then further testing and development work is
required. Firstly, the experiment has to be repeated in a high-noise
environment and a procedure for identifying and differentiating
strain related emissions from anthropogenic events has to be de-
veloped. Secondly, cheap sensors have to be designed that would
allow many sensors to be placed in a number of locations within a
few metres of where strain events are expected or
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3.5 Dynamic Support Research for More Effective Mine Design

Team:
Laurentian University — Dr. Ming Cai and Xin Wang

Title: Dr. Ming Cai, Professor,
Geomechanics Research Chair
Role: Co-PI

Collaborators on team: Vale

Project Goals

This subproject aims at contributing to improving our under-
standing of seismic wave propagation in deep underground mines
with a particular emphasis on ground motion near excavation
boundaries due to seismic wave propagation that resulted from
a remote fault-slip seismic event. Advanced numerical modeling
tools will be used and new modeling techniques will be developed
to attain this goal.

Abstract

Rockburst damage localization, which is not well understood, has
been observed in deep underground mines. Analysis of seismic
wave propagation in underground mines is of great interest for
improved understanding of the dynamic rock failure problem,
which is important for improved rock support design.

In this subproject, research is emphasized on ground motion
around excavations due to seismic wave propagation that resulted
from a fault-slip seismic event in deep mines. It is found that: (1) a
point source model (i.e., moment tensor model) and a non-point
source model (i.e., kinematic rupture model) are suitable for the
far-field and near-field source representations, respectively; (2)
ground motion is influenced by many factors such as target-source
distance, slip direction, spatial location, and geometrical and geo-
logical conditions; (3) PPV (peak particle velocity) values increase
as the wavelength-to-excavation span ratio increases and ground
motion amplification increases as this ratio decreases; (4) shear
wave quality factor can be estimated by comparing modeling re-
sults with that from a scaling law; (5) wave propagation patterns
around an excavation can be altered and PPV amplification and
shielding effect can occur near the excavation boundaries due to
heterogeneities such as tunnels, open and backfilled stopes, and
dykes in deep mines; (6) a coupled numerical method to construct
non-uniform velocity models is proposed.

Relatively stronger amplification is observed in the low confine-
ment zones and on the excavation surface in the non-uniform ve-
locity models. The proposed coupled numerical procedure offers
a method to improve the understanding of the site amplification
effect and ground motion near excavation boundaries; (7) non-
point source modes could be a better representation of the fault-
slip source than the point source model for near-field sources.
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Context

Mining-induced seismicity and rockbursts increase continually
and cannot be prevented as mining progresses to deeper levels. It
is often observed that after a large seismic event, damage is often
localized. In other words, the damage extent along a tunnel varies
for the same seismic event. Damage does not necessarily occur
only at locations nearest to the seismic source. It has been report-
ed that damage can occur at locations quite far from the seismic
source and in unexpected areas. It is possible that tunnels located
at a large distance from the seismic source may suffer more severe
damage, while tunnels near the seismic source may experience less
damage, as illustrated in Figure 53. This phenomenon, in turn, re-
veals a need for improved dynamic support design.

Dynamic ground support design against large seismic events
usually involves uncertainty in design input parameters such as
PPV (Peak Particle Velocity). Many factors such as excavation
shape and size, wave attenuation and geological structures can
lead to the uncertainty of PPV. It is important to study the in-
fluence of these factors on ground motions due to seismic wave
propagation from a fault-slip seismic event. Hence, an improved
understanding of seismic wave propagation in a complex mining
context is essential for a better understanding a rockburst damage
localization and for improved rock support design in burst-prone
mines.

In deep mines, both analytical and experimental methods are
of limited use in solving seismic wave propagation problems due
to complex geological, geometrical, and stress conditions. Hence,
ground motions near excavation boundaries in underground
mines are currently not well understood. Fortunately, with the
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Figure 53: A sketch to illustrate different degrees of rockburst
damage at various locations in a mine
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rapid advancement of computer technology and many powerful numerical techniques,
numerical modeling is becoming an irreplaceable tool. In this project, SPECFEM2D/3D
codes are employed to model seismic wave propagation.

Methodology
As shown in Figure 54, six main research components are addressed in this project.
Numerical modeling is the main approach for this project. Different numerical steps
along with the selected numerical tools are shown in Figure 55. In the pre-processing
step, several software packages are used to generate meshes. Matlab, ParaView, and Ori-
gin are used for post-processing of results. Based on the merits of FLAC and SPECFEM
codes, we developed a new coupled approach to model a non-uniform velocity field. It
provides a new way to study the ground motion near excavation boundaries.

Summary of Findings

(1) Advanced numerical codes SPECFEM2D and SPECFEM3D are robust tools that can
be used to conduct seismic wave propagation modeling in deep mines. Ground motion
depends not only on the target-source distance, but also on factors that affect wave pat-
terns. Seismic response around excavations is strongly wave pattern-dependent.

(2) Wave fields become more complex as the ratio of wavelength-to-excavation span
decreases. PPV values around an excavation increases as the ratio increases. The amplifi-
cation factor is independent of the ratio when the ratio is relatively large.

(3) Wave propagation patterns are altered largely by various heterogeneities in deep
mines. Both PPV amplification and shielding effects can occur near excavation bound-
aries.

(4) A nonlinear velocity model, which links wave velocity to confinement and rock mass
quality, is presented. A FLAC/SPECFEM2D coupled approach is developed based on the
proposed nonlinear velocity model.

(5) Confinement change and rock mass failure can alter the velocity field around an
opening. Strong amplification normally occurs in the low confinement zones and on the
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Figure 54: A sketch illustrating the main research components in this subproject
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Figure 55: Main numerical steps and
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excavation surface. Complex wave fields are also observed in the the wave field.

non-uniform velocity models. — A new method to estimate shear quality factor for hard rocks in

deep mines is proposed.

(6) By combining SPECFEM3D and a non-point source model it ~ — A new confinement and rock quality dependent non-linear ve-

is possible to capture realistic ground motion due to seismic wave locity model is developed.

propagation in underground mines (Figure 56). This in turn can - A new coupled FLAC/SPECFEM2D modeling technique for

assist in rock support design and rockburst risk management. seismic wave propagation simulation is developed. As shown in

Figure 58, different wave fields are observed for uniform and

Practical Implications non-uniform velocity models.

— A better understanding of seismic wave propagation in under-  — The method and models developed in this study can be used for
ground mines is achieved. The influence of typical heteroge- forensic study of rockburst damage in deep mines. This in turn
neities (i.e., tunnels, open and backfilled stopes, and dykes) on can help government and mining companies to make decisions
ground motion has been investigated. Figure 57 presents snap- to further improve mine safety and mining companies to make
shots of horizontal velocity components at four propagation decisions to further improve mine safety.
times, showing the influence of a dyke, a stope, and a tunnelon ~ — A better microseismic source location determination can be
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Figure 57: Snapshots of the horizontal velocity components at four propagation times for a model with a tunnel, an open stope, and a dyke.
The positive and negative values of the horizontal velocity (right and left movements) are represented by red and blue, respectively
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achieved if a non-linear velocity model based on the proposed method is used. This can enhance the usefulness of microseismic mon-
itoring systems in deep underground mines.

— The developed coupled numerical technique can be used to assess PPV around excavations more accurately. This in turn can assist safe
and cost-effective ground support design.
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Wang, X., Cai, M., 2015. FLAC/SPECFEM2D coupled numerical simulation of wavefields near excavation boundaries in underground
mines. Computers and Geoscience (Submitted).

Cai, M and X. Wang (2017). Numerical Modeling of Ground Motion near Underground Excavation Boundaries. Chapter 3 in “Rock-
burst: Mechanisms, Monitoring, Warning and Mitigation”, Editor Xia-Ting Feng, Elsevier (in print; ~40 pages).
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Rockmass Behaviour and Mining-Induced Changes

Objectives

As indicated in the technical context section of the SUMIT Program, as mines progress to greater depths, the ground becomes less forgiv-

ing and the response of the rock mass to mining and the related rock mass behaviour, particularly brittle rock behaviour, must be under-

stood, anticipated and controlled. For this, the in situ and mining-induced states of stress and the rock mass strength must be anticipated
and the performance of underground excavations predicted. Once underground access is available, monitoring data can be used to verify
the prediction models and to refine the design, e.g., the support selection. Some of the aspects covered by Theme four include:

— Development and implementation of experiments for real-time monitoring of near- and far-field stress/strain change in rock mass
(footwall, hanging wall, etc.) together with micro-seismicity rock mass response. Specifically, to understand the response of back filled
excavations and to assess and evaluate the role of stiffness changes due to rock mass degradation and failure and many more.

— Investigation of strainburst phenomena and the influence of rock mass and mine stiffness on the strainburst severity.

— Development of the means to determine excavation vulnerability to rockburst damage and to select support for strainbursting ground.

— Assessment of the influence of stiffness changes on the response of highly stressed rock to dynamic loading by investigating rock deg-
radation and damage processes around a borehole under dynamic loading.

— Extension of the concept of mine stiffness to faults and fault networks, for sill pillar design, drift development and extraction and risk
reduction strategies.

— Investigation of hydraulic injections to characterize rockmass and stress state in a hard rock mining.

4.1 ROLE OF LARGE SCALE HETEROGENEITIES ON IN-SITU STRESS AND
INDUCED STRESS FIELDS

Team:
Laurentian University, MIRARCO - Drs. Peter K Kaiset, Salina Yong and Sean Maloney

Abstract

At ARMA’s 2006 symposium, Maloney et al. (2006) presented a  strength across all length scales and this heterogeneity modifies
“Reassessment of in situ stresses in the Canadian Shield” to assist ~ the in situ and excavation-induced stress field. In rock engineer-
in establishing representative in-situ stress conditions appropriate ing, itis common practice to assume that the stress field is uniform
for sub-regional modeling activities. By use of a conceptual het-  and can be described by a single stress tensor. As a consequence,
erogeneous rock mass model, it was demonstrated (a) how earth’s variations in excavation instability would have to be attributed to
crust straining may affect the in-situ stress profile, (b) how the  variations in rock mass strength alone. Experience by the lead au-
in-situ stress magnitudes vary in heterogeneous rock masses, and  thor during a recent litigation case, which unfortunately cannot be
(c) what the consequences are for excavation stability in such vari-  published, has shown that the stress field was highly modified by
able stress fields. The first two points are discussed by presentinga ~ rock mass strength and modulus heterogeneities and that the ex-
reinterpretation of the data set published by Corthésy etal. (1998).  cavation behaviour changed drastically as a result of this variabili-
For a hypothetical circular shaft with a defined rock mass profile,  ty in strength and stress. Without reference to this particular case,
itis illustrated how large-scale heterogeneities modify the induced =~ simplified numerical (Voronoi) models, calibrated on published
stresses at the excavation boundary and thus affect longitudinal ~ data (Corthésy et al., 1998), were used to illustrate that:

variations in the depth of failure. It is concluded that the com- - variations in field measurements can be attributed to rock mass
bination of stress and strength heterogeneities leads to a highly stiffness variations;

variable excavation behaviour with localization of various failure =~ - mining-induced stresses along an underground project can be
modes. Most importantly, it is demonstrated that the common highly varied; and the

assumption of far-field stress boundary conditions may lead to - variability in excavation behaviour has to be attributed to varia-
non-conservative model predictions when compared to far-field tions in both strength and stress.

strain boundary conditions.

In particular, it was demonstrated that heterogeneous rock mass-
Context and Methodology es, in terms of rock mass modulus, affect the local stress field dif-
Natural rock masses are heterogeneous in terms of modulus and  ferently under various far-field boundary conditions such as sedi-
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mentary, thermal, tectonic, and mining-induced strain boundary

conditions. Stress [MPa]

0 10 20 30 40 50 60 70 80

0
Summary of Findings o
The principal stress data presented by Corthésy et al. (1998) was 200 f* !
reinterpreted within the framework of near surface rock mass o,
yield and heterogeneity within a thermal or tectonic strain field. 400
A Voronoi model with higher rock mass and joint strengths, al- @ below 660 m
lowing yield to a depth of 400 m, is adopted to establish the trends
for the Abitibi region. The simulated stress profiles presented in Eﬁm o2
Figure 59 are produced by a plastic, heterogeneous Voronoi mod- = o, below 660 m
el with a random rock mass modulus variation and deformed by EEDD
constant horizontal straining. o O3

In summary, this figure demonstrates that the data trends are 1000
well represented by a strained heterogeneous rock mass model. O3 below 660 m
This reinterpretation of data from the Abitibi area confirms that 1200
the often-measured stress variability is reality and can be attribut-
ed to rock mass heterogeneity; certainly, in thermally or tectoni- 1400
cally strained regions of the world.

The implication of such stress variability on excavation stabil- 1600 -
ity was explored for a rock mass where brittle failure dominates
the depth of failure around excavations. The excavation-induced \ —0 for(krv— 0.5
tangential stresses for a circular vertical shaft and for horizontal 3 o - _
tunnels, excavated in the principal stress directions, at different Stage 7 at 0.1% overall strain
depths are presented in Figure 60. Also, shown is the randomly — Stage 5 at 0.066%
generated UCS profile that was used to estimate the depths of fail- — Stage 3 at 0.033%
ure as a function of depth below ground surface. The profiles of
the induced depths of failure for the stress and UCS profiles pre- Figure 59: Reinterpretation of data from Corthésy et al. (1998) with a
sented in Figure 60 are shown in Figure 61 for a vertical shaft. random rock mass modulus variation; three solutions for sH at 0.033

to 0.067 to 0.1% constant overall horizontal strain (green, orange,

Figure 61 highlights that a wide range in excavation damage blue) are shown for heterogeneous, plastic rock block model

must be expected due to the combined effect of stress and strength
variation. At shallow depth, where UCS was assumed to be con-
stant, the stress variability strongly influences the variability in

the extreme depth of failure. The impact of strength variability Tangential stress
is shown for depths exceeding 600 m. For this depth range, the 0 -0 0 =0 100 150
variability due to stress is relatively low and the depth of failure :
gradually increases from about df/a = 0.6 to 0.8; i.e., between three oo | O P Randormized UCS
and 4 m for a shaft with a diameter of 10 m. The UCS variability
however dominates at this depth and, as shown by one particular
realization of a random UCS distribution, the anticipated extreme 400 Shaft:
depth of failure varies between df/a = 0.3 and 1.3; i.e., locally up to TB I - Ga - 30.-0
6.5 m for a 10 m wide shaft. E o0 By o T T
Conclusions g w0 T Tunne: wall
From the findings presented above, it follows that: a To= 300
— Stress variability can be attributed to rock mass heterogeneities 1,000 T | — Tunnel roof:
that become dominant in conditions where the earth’s crust is .= 36.-0
thermally or tectonically strained. Strength and stiffness het- 1,200 Lo
erogeneity both strongly affect the variability in the in situ and
induced stress profiles. 1,400
— Commonly assumed linear trends fitted to stress data are only
justified for sedimentary depositional environments. 1,600
— The gradient of the minor and major horizontal stress profile is
typically much steeper at depth than in the vertical stress profile. Figure 60: Tangential stress profiles for a vertical shaft (due to sH
As a consequence, the major, intermediate and minor principal and sh); for tunnel roofs (due to sH and sv); and tunnel walls due
stresses may switch orientations. In such cases, it is inappropri- to sH and sv. A randomly generated UCS profile for UCS =125 MPa

with a CoV =20% is also shown

ate to fit trend lines without considering stress tensor rotations.
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— At shallow depth, stress variability tends to dominate tunnel or
shaft instability by either causing relaxed conditions or by gen-
erating rapid changes in the depth of failure profile.

— At depth, the extreme depth of failure still varies due to stress
variability and gradually increases with depth. The variability in
rock strength however tends to dominate the depth of failure at
greater depth.

— Meaningful in-situ stress numerical models can be obtained for
rock masses with large-scale rock heterogeneities by adopting
horizontal strain rather than stress boundary conditions. As a
matter of fact, the common assumption of far-field stress bound-
ary conditions may lead to non-conservative model predictions
when compared to far-field strain boundary conditions.
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Figure 61: Extreme depth of failure profiles for a shaft with the
stress profiles and randomized strength shown in Figure 59
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4.2 Rockmass Stiffness Modification and Post-Yield Behaviour

Team:
Queen’s University — Drs. Mark Diederichs with Gabe Walton and F. Duran

Title: Dr. Mark Diederichs

Role: Co-PI

Collaborators on team: Vale, Codelco,
Antofogasto Minerias, Sudbury Integrated
Nickel Operations - A Glencore Company

Abstract

This work builds on earlier reported work in this volume and im-
proves our understanding and ability to simulate both rock dam-
age and dilation feedback to strength during complex stress paths
and to accurately predict and model near excavation deforma-
tions, a critical aspect of support design for deep mining.

Context

This subproject had two themes - stress path dependent degrada-
tion (damage) and damage induced dilation. In fact, the two proj-
ects addressed the evolving strength, stiffness and post-damage
and post-yield behaviour (prior to actual rock failure). In the work
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of Duran (et al), a complex synthetic rockmass model composed
of abonded disc model for the rock matrix and discrete structural
discontinuities was used (Figure 62). The study included valida-
tion of this approach for advanced modelling but also investigated
the role of stress path on pre-peak damage and strength loss (Fig-
ure 63).

Summary of Findings

This work resulted in the development of a new continuum di-
lation model that could be used in more simplified convention-
al analysis (a state-of-art addition to state-of-practice model-
ling). This dilation model (Figure 64) was developed and verified
through lab testing as well as numerous field analysis.

Further verification of the model and investigation of the im-
plications for analysis and design related to both pillar skin (sup-
portable rock) and pillar core (supporting rock) was carried out in
an experiment at Creighton Mine (Figure 65, 66 and 67). Here the
model was validated with Extensometer and LiDAR data (from
an earlier piece of work reported in this volume) and then used
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Figure 62: Synthetic Rockmass Models for damage analysis of
rockmasses (Duran et al)

Different Initial
Stress States - -

=

~

& 0 = g s S
= >
7208 01] o
@ ’ R,
5 % 20m
0 e o ¥
>
g - =
0 e i =)
i ~ High Damage =
( SR o
: Low Damagde= = —« _ 7
5

(] H 10 15 20

Min Stress, MPa

Figure 63: Dependence of damage evolution on stress path from SRM
(Duran et al)

@251 T~
9] 1 . Mobilization of Peak Dilatancy
& 20t ¢ -
=2

Post-Mobilization
B: 15} s Dilatancy

vy S

<
S S 1 Pre-Mobilization |
© oLt Dilatancy ' .
0 0 5 10 15 20 25

Plastic Shear Strain - y? (mstrain)

Figure 64: Dilation model for continuum analysis or rock (Walton
etal)

SUMIT 4 I

to understand the true nature of damage evolution and self-sta-
bilization of rock pillars. This understanding represents a major
step forward.

Practical Implications

The contributions of this project and the integrated work at
Queen’s Geological Engineering have led to advances in our un-
derstanding of rock behaviour and to create more realistic models
for analysis, and in our capacity to assess the inputs and interpret
the outputs of such models for design and Geo-risk reduction.
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4.3 Shear Rupture Evolution Causing Rockbursting in Mines

Team:

University of Toronto and Laurentian University, MIRARCO - Drs. Rob Bewick, Peter K. Kaiser and Will Bawden

Abstract

A fault-slip rockburst is damage predominantly caused by the en-
ergy radiating from a dynamically slipping, pre-existing fault, fault
zone or from a newly generated shear rupture. This investigation
focussed on the creation of shear ruptures during mining. A grain
based Distinct Element Method and its embedded Grain Based
Method was used to simulate the fracturing processes leading to
shear rupture zone creation in a calibrated massive (non-jointed)
brittle rock deformed in direct shear under constant stress and
constant normal stiffness boundary conditions. Under the latter
boundary conditions, shear rupture zone creation relative to the
shear stress versus applied horizontal displacement (load-dis-
placement) curve occurs pre-peak, before the maximum peak
shear strength is reached. This is found to be the result of a normal
stress feedback process caused by the imposed shear displacement
which couples increases in normal stress, due to rupture zone dila-
tion, with shear stress, producing a complex normal-shear stress-
path that reaches and then follows the rocK’s yield (strength) enve-
lope. Once the maximum peak strength is reached (after a series
of shear stress oscillations) the largest stress drops occur as the
ultimate or residual shear strength is approached. The simulation
results provide insight into the fracturing process during rupture
zone creation and improve the understanding of the shear stress
versus applied horizontal displacement response, as well as the
stick-slip behaviour of shear rupture zones that are being created
under constant normal stiffness boundary conditions.

The studies demonstrate that differences in seismic patterns can
be attributed to prevailing mining-induced boundary conditions.
The practical implications are that precursory seismic events difter
depending on these boundary conditions.

Context

A critically stressed fault, with shear stresses reaching its shear
strength, can slip, particularly when the degree of freedom is
changed as it is intersected by a mine opening or by the yield zone
surrounding a mining area. The strength of a fault is a function of
the normal stress, the coefficient of friction of the fault surface, its
waviness or dilation characteristics, and in the strength of rock
bridges, called asperities in the earthquake literature. A fault may
therefore slip, for example, when the shear strength is reduced due
to a drop in clamping stress or the failure of asperities (rock bridg-
es) occurs.

Damage can also be caused by shear rupture through massive
or moderately jointed rock masses as illustrated by the image cap-
tured by Ortlepp (1997) after mining through an area that previ-
ously experienced fault-slip events (Figure 68).

Such shear rupture rockbursts have been observed particularly
in South African mines (Ortlepp, 1997; Ortlepp, 2000) with Rich-
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Figure 68: Ruler
pointing at
shear rupture,
known as
Rupture No. 18
(Ortlepp, 1997)

Figure 69: Shear rupture created in a soft, dilative environment
under relatively low and high normal stress (Bewick et al., 2014)
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ter magnitudes exceeding mL = 3.5. Ortlepp (1997) advocated
shear rupture as one of the most important source mechanisms
for major rockbursts.

Summary of Findings

The research by Bewick et al. (2013) shows that the characteristics
of a shear rupture zone are not only a function of the rock or rock
mass properties but also of the prevailing boundary or confining
conditions under which a rupture zone is created. In soft environ-
ments, shear rupture is facilitated by the ease of dilation. An exam-
ple of shear rupture creation from a numerical model is shown in
Figure 69 for low and high normal or confining stress conditions.

Shear ruptures are localized at low normal stress and become
increasingly complex with en echelon fractures making up a wider
shear zone when created at higher normal or confining stress as
shown above. It should be noted that the ultimate rupture zone
is not planar, is embedded in a relatively wide rock mass damage
zone, and may be composed of associated en echelon shears which
are themselves faults (if so, seismic event focal plane solutions will
not be aligned with the direction of the rupture zone during early
stages of creation. Only once a shear rupture is well developed,
having undergone significant displacement would seismic event
focal plane solutions be aligned with the slipping direction.

As a general guide, shear ruptures are created post-peak at low
normal stress, display more post-peak brittleness, and thus could
be more prone to violent failure (Bewick et al. 2016). But due to
the brittleness, the shear rupture would be associated with only a
single large event. At high normal stresses, repeated seismic events
may be expected when the rupture zone is developing due to the
failure process generating multiple en echelon shears to create the
shear rupture zone also post-peak strength.

In stiff environments where dilation is constrained, coupling
between the normal and shear stresses (stress-path) under con-
stant normal stiffness boundary conditions leads to a different
rupture development process. The shear rupture creation process
is displacement rather than stress controlled and occurs pre-peak
strength. Due to the displacement controlled process, ongoing
mining-induced deformation is needed to fully form shear rup-
tures in stiff environments. As illustrated by Figure 70, the even-
tual shear zone is localized and also associated with en echelon
fractures.

Most importantly, large stress drops (seismic events) can be ex-
pected long before the shear rupture has formed, i.e., even before
the peak strength of the rupture zone has been reached. Repeat-
ed larger stress drops or shear stress oscillations are encountered
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due to cohesion loss during the rupture zone formation. Hence,
repeated seismic activity is indicative of the formation of a shear
rupture zone in a stiff environment.

Fault-slip and shear rupture rockbursts typically occur in deep
mines when the extraction ratio is high and large closures are al-
lowed to persist over large mining volumes. Associated fault-slip
events may release large amounts of seismic energy, coming from
the instantaneous partial relaxation of the elastic strain energy
stored in a large volume of highly stressed rock surrounding the
slip or rupture area, and radiate seismic energy in the form of
compressive (p) and shear (s) waves. These ground vibrations or
ground motions may be triggering strainbursts (see Section 5.1,
p. 61) or pillar bursts, may cause dynamically loaded strainbursts
or shakedowns, or eject insufficiently supported rock by energy
momentum transfer to broken rock.
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Figure 70: Shear rupture created
in a stiff, non-dilative and highly
confined environment (Bewick et
al, 2014)
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4.4 Hydraulic Injection for Rock Mass and Stress Characterization

Team:
University of Waterloo - Dr. Maurice B.

Dusseault and Atena Pirayehgar

Title: Dr. Maurice Dusseault

Role: Co-PI

Collaborators on team: Vale, NSERC and
SMARTEC

Project Goals

This project aims to better understand the deformation mechan-
ics of hydraulically induced fractures in the presence of natural
fractures.

Abstract

Hydraulic fracturing of naturally fractured rock masses is used in
mining to precondition rock before controlled blasting for caving
design. Studies of this using DEM (Discrete Element Models —
UDEC) show the effects in the presence of a room, delineating the
shape and extent of the zone most greatly affected by the HF activ-
ity. The DEM modeling has also shown how stick-slip behaviour
of joints in the broader area around a change in pressure (injection
point) can be studied so that one may better understand the im-
pact of natural rock structure and stress fields on induced micro-
seismicity patterns. A key aspect of understanding the processes is
to quantify effects related to rate or viscosity so that better choices
of HF methodologies for rock mass conditioning can be made.

Context

Hydraulic fracturing as a treatment method to aid mining has
been suggested for several decades in the coal and metal mining
industry. Different applications have been suggested as being po-
tential contributions to safety and economic benefits. Recently,
hydraulic fracturing has been applied to precondition rock or to
induce caving in hard rock underground mines.

Fractures during mining are conventionally induced by blast-
ing to help the broken rock mass flow from conditioned stopes
under gravity forces. More and more, massive caving processes are
used to extract entire ore bodies, involving large-scale rock mass
fragmentation through massive stress redistribution, and leading
to induced caving and flow for the entire orebody, while trying
to reduce the amount of blasting needed and also reduce risks of
uncontrolled bursts and inadequate fragmentation. Precondition-
ing of the rock mass to aid this process via hydraulic fracturing
involves pre-weakening of orebodies with low friability that are
not caved easily. Hydraulic fracturing also provides the possibility
of stress relief and redistribution, reduction in the stiffness of rock
masses, and other associated effects that can increase rock mass
caveability to allow it to cave continuously in a controlled stable
manner.
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Methodology

It is of interest to numerically simulate hydraulic fracturing as an
aid to underground mining. UDECTM software was used to sim-
ulate the behaviour of a two-dimensional jointed rock mass with a
defined undercut under biaxial in-situ stresses.

UDEC is used to analyze fluid injection under constant pres-
sure (steady-state flow) through the fractures in an rock mass with
impermeable blocks, which represents a naturally fractured hard
rock or stiff shale. A coupled hydro-mechanical analysis is applied
via the UDEC software to model both rock and fracture behaviour

Rockmass Behaviour and Mining-Induced Changes

in the HF/NFR system.

In the current study, a Voronoi tessellated continuum has been
generated to evaluate the effect of the stress ratio on flow into the
joints by changing differential principal compressive stresses. Giv-
en the difference in in-situ stresses, pore pressure distribution is
monitored and the distribution of slip and opening of fractures at
different stress field anisotropy is investigated during the pressur-
ized hydraulic injection.

Discrete element analysis can be applied to study processes in
naturally fractured rock masses. It is possible to simulate a block
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with a defined undercut in a jointed rock to examine the response
of the overlying rock in an attempt to emulate a continuous caving
process. The analysis required the development of a suitable repre-
sentation of the rock mass as a continuum cut with joint surfaces
in appropriate directions, and this preliminary model is subjected
to boundary loads and allowed to reach a condition of static equi-
librium under the in-situ stresses. In a real situation, an undercut
is created below the orebody and blasting carried out to initiate
caving, a process that might be simulated by the creation of addi-
tional fractures in the 2D model, and the flow of these rock blocks
can be tracked. Here, we examine hydraulic fracturing processes.

Summary of Findings

Figure 71 shows a 2D plane-strain section generated in UDECTM
to represent a fractured rock mass 100 m x 100 m in size, subject-
ed to a biaxial in-situ stress state. The medium is initially dry and
then water is injected at a constant flow rate of 0.4 L/s at a point
in the model.

The effect of stress ratio on flow into the joints has been studied
as a function of injection distance from the top of the undercut.
Given the difference in situ stresses, joints re-open under the in-
duced pressures dominantly parallel with the maximum principal
stress, a consequence of work minimization However, in the iso-
tropic condition, no explicitly favored path exists for fractures to
propagate, so the fluid pressure has a similar effect all around the
injection point, excluding the local fabric effects. Figure 72 shows
the pore pressure distribution around the injection point for dif-
ferent stress ratios.

Further, it seems that there is an effective injection distance
after which rockmass response remains approximately constant.
Applying hydraulic fracturing further from the effective distance
would precondition the hard rock but it takes longer to reach the
caved block or a higher injection pressure is required. This is an
important scale effect that must be considered in the precondi-
tioning design process.

Figure 73 indicates maximum normal and shear displacements
after injection at different points in the 2D fractured continuum
subjected to an isotropic and a differential stress (the horizontal
stress is kept constant for different simulations). Blue lines show
the largest magnitudes of normal and shear displacements; these
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values belong to the injection at the closest distance from the cave
back, and they decrease under stronger stress differences. The
proximity of the undercut back to the injection points and an in-
crease in the applied compressive stress lead to larger displace-
ments. Far from the undercut back, displacements have smaller
magnitudes with a slight increasing trend with larger deviated
stress, which has been discussed before (Pirayehgar & Dusseault,
2014). Stresses therefore control the deformation, and the effect
depends strongly on the location of the injection point up to some
distance.

Practical Implications

Numerical simulation suggests that a clear understanding of both
the stress ratio and of where to place injection holes is needed to
ensure optimized fracture creation for preconditioning results.
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Objectives

The engineering design process involves many steps, as indicated in the following flow chart which highlights advancements made by
the Laurentian University team to this process. The research under this theme aimed at making contributions, in combination with the
research described under Theme 2, to reduce the geo-risk and to arrive at cost-effective designs.
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to Rock Engineering

Of the wide spectrum of possible research projects, this part of
the SUMIT Program focussed on dynamic processes (e.g., strain-
bursting), on monitoring technologies (e.g., fibre optics), on stress
management (e.g., hydraulic pre-conditioning) and on the selec-
tion of effective support systems.

For these purposes, researchers would aim to develop innova-
tive methods and procedures to understand and quantify strain-
burst damage processes and to select effective dynamic ground
support systems for more effective mine design with consider-
ation of constructability matters.

As well, numerical modelling and synthetic ground motion
tools would need to be developed and used to better assess dy-
namic excavation damage processes and assist in support design.
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With respect to monitoring technology, two university teams
aimed to focus on the development and adaptation of distributed
fibre-optics based strain monitoring and tiltmeter arrays appli-
cations to measure rock mass strain (deformation), and the de-
velopment of Fibre Bragg Grating (FBG) based broadband strain
monitoring arrays with inclination sensors for deep mining appli-
cation. Investigations on hydraulic preconditioning as means of
rock mass damage to mitigate energy release from highly stressed
ground would be initiated and assessed by numerical modelling.
Finally, both modelling and field instrumentation projects would
be undertaken to assess both pillar loading processes and pillar
failure processes in brittle rocks.

W LEMCOM
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5.1 Strainburst Identification and Control for Underground
Mine Construction

Team:
Laurentian University, MIRARCO - Dr. Peter K Kaiser

Abstract

Two aspects of ground control in burst prone ground were ad-
dressed by this project: 1) the critically important issue of as-
sessing the vulnerability of underground excavations to damage
by dynamic disturbances, and 2) excavation damage caused by
strainburst.

The first part aimed at overcoming one of the current funda-
mental flaws in ground control for rockburst damage mitigation,
i.e., a lack of systematic methods to assess the vulnerability of
excavations to dynamic disturbances. Most support selection ap-
proaches, whether risk-based or following systematic engineering
design methods, do not properly take into account the vulnerabil-
ity status of an excavation before it is affected by a dynamic distur-
bance. Kaiser (2017) will provide guidance on how to assess the
vulnerability or safety margin for three primary damage process-
es: seismically induced falls of ground or shakedowns; stress-driv-
en strainbursting; and energy transfer from remote seismic events.
Emphasis is placed on the second, strainbursting, because com-
mon ground motion-centric approaches are particularly flawed
when dealing with strainbursting ground. The result of this part of
the work will be published in Kaiser (2017).

The second part aimed at advancing the state-of-the-art in an-

ticipating strainbursts, i.e., the strainburst potential (SBS), and the
damage severity resulting from strainbursts, i.e., the strainburst
severity (SBS). The result of this part will be published in Cai and
Kaiser (2017) and presented during short courses provided to in-
dustry starting in May 2017 in Sudbury.

Context
Part 1: Heal et al. (2006) established that the response of an exca-
vation to a dynamic disturbance and the severity of damage de-
pends on the vulnerability of an excavation to failure. As explained
in detail by Kaiser (2017), this approach is not suitable without
modification to fully assess the vulnerability of an excavation to
damage by all types of dynamic disturbances. Their work is how-
ever, highly relevant as it recognizes the importance of the exca-
vation vulnerability, i.e., that identical dynamic events will cause
a drastically different damage type and extent depending on an
excavation’s vulnerability to failure. These deficiencies have been
overcome by the research at Laurentian University and are reflect-
ed in Kaiser (2017).

Part 2: The vulnerability to instability caused by self-initiated or
triggered strainbursts was not sufficiently recognized in the past.
Whereas it was understood that the burst potential depends on

!

bulking deformation rate during strainburst
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Figure 74: (1) lllustration of mining-induced tangential straining of the drift wall due to floor heave or roof sag (roof loading or pillar yield) and
predominant dynamic failure modes near excavations: (2) shakedown or FoG due to acceleration forces from remote seismic event; (3) static
stress fracturing or strainbursting due to tangential straining; and (4) rock ejection by momentum transfer from remote seismic source or high
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stress to strength ratio, no systematic approaches were available
to assess the damage severity of strainbursts, i.e., how much en-
ergy is being released during a strainburst and how this energy
is consumed during the failure process, i.e., how much energy is
consumed by the rock mass and how much by the support com-
ponents.

Summary of Findings
The means to quantitatively assess the excavation vulnerability for
the failure modes described in Figure 74 were developed and pre-
sented in Kaiser (2016). It is now possible to systematically assess
the safety margin before an excavation is affected by a dynamic
disturbance from a seismic event. This allows one to identify lo-
cations in a mine that are more likely to fail and thus require en-
hanced ground support.

A strainburst is a sudden and violent failure of rock near an
excavation boundary as illustrated by Figure 75. It is necessary to
distinguish between different strainburst types:

A self-initiated strainburst is a rockburst caused by a gradual
weakening of the rock mass such that the local stress after some
time exceeds the rock mass strength in a relatively soft loading/
mining system, i.e., the local mine stiffness has to be softer than the
post-peak behaviour of the failing rock mass. Damage is primarily
related to the stress level and the volume of bursting ground.

A mining-induced strainburst is a rockburst caused by min-
ing-induced displacements or strain that change the local stress
near an excavation such that the stress (temporarily) exceeds the
rock’s strength. Damage is also related to the stress level and the
volume of bursting ground.

A seismically triggered strainburst is a self-initiated or a min-
ing-induced strainburst that is triggered by a remote seismic
event. In this case, the remote event is the primary seismic event
and the seismic event co-located with the strainburst damage is
a secondary event. Damage is not related to the intensity of the
remote event, it only serves as the trigger of a strainburst.

A dynamically loaded strainburst is a strainburst that is aug-
mented by the impact of energy radiated from a primary source in
two possible forms:

— the radiating energy causes a dynamic stress pulse that may
deepen the depth of failure, thus release more stored energy and,
through rock mass bulking, add additional strain or displace-
ment to the rock and support; or

— the radiated energy may transfer some of its radiated energy to
kinetic energy and eject part of marginally stable rock.

A strainburst may also occur in a well-supported rock mass,
i.e., behind mesh or shotcrete, in the reinforced rock or behind the
supported ground. This is called a restrained self-initiated, min-
ing-induced, triggered or dynamically loaded strainburst.

Practical implications
The outcomes from this research are most relevant from a work
place safety perspective but also provide the means to better select
support in burstprone, particularly in strainburst-prone, ground.
An effective support system must create a deformable rein-
forced rock wall that can provide and maintain a substantial tan-
gential resistance capacity.
If a support system is effective in balancing energy releases, it
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Burst volume
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Figure 75: Forces acting on a volume of burst-prone rock and
direction of resulting bulking deformation

must minimize the bulking in the strainbursting rock mass vol-
ume to minimize displacements and strains imposed on the rock
reinforcement and the retaining system.

Only if a support system is ineffective and cannot provide suf-
ficient tangential resistance, will the energy component become
dominant and eventually excessive. The wall displacements will
increase exponentially and may deform at a high rate causing rock
ejection.

It is for this reason that deformation-based support design
principles must be adopted for the selection of burst-resistant sup-
port systems (see section 5.4). Strainburst damage can be prevent-
ed or most effectively controlled by a support system consisting of
robust retention elements with relatively stiff rock mass reinforce-
ments (that minimize bulking) in combination with yielding bolts
that satisfy displacement demand criteria. In other words, the sup-
port must be selected to create a deformable, reinforced rock mass
in the immediate vicinity of the excavation.
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5.2 Development of a Broadband Sensor Network for
Deformation Measurements

Team:
University of Toronto (see 3.1)

Project Goals Context
This project aims to identify the state of the art in Bragg grating ~ Mine design has traditionally focused on local rock behaviour and
technology, and devise a reliable means to deploy the technology support (adits, shafts, stopes, shotcrete and mesh, etc.). However,

for grouted borehole dynamic and quasi-static strain measure-  larger and deeper mining activity is associated with stress changes
ment underground. at scales far greater than individual stopes or other underground

openings. These activities result in stress changes and deforma-
Abstract tions on the scales of hundreds of metres. A monitoring network

Borehole installed-Fibre Bragg Grating sensors to enable stress  is thus needed to effectively detect mining associated variations in
and deformational measurement changes at the scale of hundreds ~ the rockmass.

of metres is investigated as is a reliable method of coupling the Current mine monitoring techniques, principally microseis-
sensors to the borehole walls to ensure minimal measurement  mic activity records, are limited in their ability to investigate these
error resulting from transverse strain. Based upon the results of ~ problems. First, they account for only a tiny fraction of the total

detailed numerical and analytical evaluations of the mechani-  energy released by rock deformation and failure (Das and Zoback,
cal-optical sensor performance, an innovative resin-filled steel =~ 2011). Second and more fundamentally, some destructive failures
casing was designed to properly couple the sensor within a grout-  may occur without microseismic precursors. It is thus desirable
ed borehole. In this way, the error resulting from transverse strains ~ to develop a broadband monitoring technique that can measure
was minimized. both the dynamic and the static rockmass deformation. In many
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Figure 76: Cartoon of incident spectrum and regular gridding will cause characteristic transmission and reflection spectra
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deep mining applications, the evolution of strain in the near and
far field is a complex process. The effects of excavation on near-
by fault behaviour (for instance induced and triggered seismicity)
are driven by mechanisms which have not been fully identified.
The study of such phenomena would be improved by accurate and
precise measurements made in high temporal and spatial resolu-
tion. Fibre optic technology, and fibre Bragg gratings in particular,
provide an interesting and potentially powerful means of highly
distributed and affordable strain sensing for underground appli-
cations.

Methodology
Bragg gratings are intrinsic periodic modulations of the refractive
index of a fibre optic core (Figure 76).

Typically ranging from 0.5 to 2 cm in length, the grating has the
unique property of reflecting a narrow bandwidth of light when
illuminated by a broadband light source. Small changes in strain
and temperature alter the periodicity of the grating, thus changing
the wavelength of the reflected light. The change, if detected, indi-
cates a change in the measured band of interest.

Since each grating can be written in its own dedicated wave-
length band, as many as 20-30 Bragg gratings can be written on
a single length of fibre optic cable, thus constituting a quasi-dis-
tributed strain and temperature sensing instrument (Figure 77).
The FBG strain meter project examined several competing tech-
nologies in fibre optic technology which would best accomplish
the above stated objectives. It was determined that charge couple
device (CCD) spectrography provided the best method for long
term strain acquisition, and an ability to detect transient strains
with high fidelity and with adequate guards against signal aliasing.

The researchers then undertook a comprehensive numeri-
cal and experimental investigation of the sensor performance in
grouted boreholes. As fibre Bragg gratings, like most strain sen-
sors, are sensitive to transverse strains, a reliable method of cou-
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Figure 77: New Bragg-gridding strain meter design for multiple
gridding segments (FBG) and multiple spectral peaks and notches
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pling the sensor to the borehole was investigated while attempting
to minimise the error induced because of transverse strains, which
can cause erroneous measurements.

After a detailed numerical and analytical evaluation of the me-
chanical-optical sensor performance, an innovative resin filled
steel casing was designed to couple the sensor to a grouted bore-
hole, while nearly eliminating the deleterious effects of transverse
strains on sensor performance. Finally, an experimental investi-
gation was conducted in which the designed casings were used to
couple the strain sensor to a rock and grout samples to determine
the observed response of the sensor.

Summary of Findings

Results show that it is feasible to detect quasi-static strains within
a resolution of one microstrain (jie), to an accuracy of 2% using
Bragg gratings over a linear range of 2000 microstrain in com-
pression. For dynamic measurements with commercially available
CCD technology, the Nyquist frequency is currently set at approx-
imately 2500 Hz. Although the Nyquist frequency is on the lower
end of what is typically desired for geophysical data acquisition,
CCD technology is an active field of research (for many applica-
tions apart from Bragg grating demodulation), and sampling rates
are likely to increase into the future. It should also be noted that,
unlike the sensors themselves which are grouted inside a borehole,
the CCD arrays and light sources can be easily replaced as bet-
ter technology becomes available, while leaving the existing fibre
optic sensing infrastructure in the ground. This research project
focussed on numerical and laboratory based experimentation to
determine the feasibility of fibre Bragg technology for use in deep
mine environments. In future projects, actual borehole deploy-
ment of the fibre optic sensing infrastructure is desired near sensi-
tive faults in proximity to mining activities.

Practical Implications

A new strain meter with multiple fibre Bragg grating (FBG) seg-
ments was designed. In conjunction with conventional geophysi-
cal monitoring equipment, it is expected that fibre optic sensors
can provide a more detailed understanding of the deformation
behaviour of underground structures.
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5.3 Deformation Measurements in Mines

Team:
University of Waterloo — Dr. Maurice Dusseault, Laurentian University — Dr. Peter Kaiser,
University of Neuchatel - Dr. Benoit Valley with Behrad Madjdabadi

Title: Dr. Maurice Dusseault
Role: Co-PI
Collaborators on team: Vale, NSERC, Smartec
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Project Goals

This research seeks to better understand the underlying mecha-
nisms contributing to the trigger of distant seismic events in un-
derground mines. Hence, the main objective of the research was
to study a novel deformation sensing system that is capable of
monitoring deformation at large distances from mining such that
a better understanding of the process leading to the occurrence of
remote seismicity in mines can be developed.

Abstract

This research was triggered in part by the hypothesis that remote
seismic events in mines could be triggered when gravity-driven
displacements are transferred to distances far from active mining
(10s to 100s of metres). Accordingly, the thesis focuses on experi-
mental research on a novel deformation sensing sensor for future
verification of this assumption.

Distributed Brillouin sensing systems (DBSs) have found grow-
ing applications in engineering and are attracting attention in the
field of underground structures including mining. A test program
was performed to observe DBSs response to various perturbations
including axial and shear strain resulting from joint movements.

The noise level of the DBSs range was +77 pe, determined
through repeated measurements on an unstrained cable. Stretch-
ing test results showed a linear correlation between the applied
strain and the Brillouin frequency shift change for all strained
lengths above half the spatial resolution® of the DBSs. However, for
strained lengths shorter than half the spatial resolution, no strain
response was measurable.

A borehole installation method was developed by testing
the sensing cable’s response while embedded in mortar beams.
When the cable is directly embedded in the mortar, uncontrolled
self-debonding happens that introduces uncertainties in the mea-
surements. This limitation was overcome by anchoring debonded
sections of the sensing cable at regular spacing. This arrangement
produced consistent strain patterns for each strained interval.

The influence of borehole diameter and strength of the filling
material were evaluated for their possible effects on the strain
transfer process to the sensing cable. With the anchored arrange-

ment of debonded cables, these properties of the grout did not
have a measurable effect on the results, and as long as the tensile
strength of the grout is low enough to break at the joint locations,
the strain transfer performance from the rockmass to the sensing
cable was excellent.

A study was devoted to understanding such a deformation
monitoring system under various shear displacement conditions.
These included the difference in response of the system in direct
shear compared to tests performed in direct tension. The system
response was evaluated for various strained lengths as well as dis-
tances over which the bending strains are acting (kink lengths).
The latter was found to be an important factor influencing moni-
toring results. In addition, the system behaviour under shear dis-
placement where the sensor is inclined with respect to the joint
strike was evaluated to understand the effect of a combined exten-
sion and shear displacement.

Context

Typically rock failures and seismic events are directly related in
space and time with active mining, generally occurring within
tens of meters from the active mining front (Cook, 1976). Apart
from near-field seismicity related to the mining-induced stress
changes, it is expected that the more remote rock mass is seismi-
cally quiet (unless in a tectonically active area) and not affected by
the mine workings. However, some failures have been observed
that are spatially remote from current activity in the mine and oc-
cur at time periods not related to major blasts. These events have
been considered to occur in association with geological features
on a regional scale (Cook, 1976).

These remote events are often located at distances where the
stress change directly attributable to the extraction of a stope
would be expected to be negligible (Kaiser, Vasak, Suorineni, &
Thibodeau, 2005; Urbancic & Trifu, 1995). Although stress-driv-
en failures close to opening boundaries have been well studied
through seismic monitoring (Cai, Kaiser, & Martin, 1998, 2001)
and other approaches (extensometers, stress cells...), the causes
for mining-induced remote seismicity remain poorly understood.
Understanding of such events will increase mine safety and econ-
omy.

For this research, it is hypothesized that distant seismic events
may be triggered by remote stress-changes induced by gravi-
ty-driven deformation processes (GDDP). According to this
GDDP hypothesis, deformations induced by ore extraction will
propagate quite far under gravitational stress. It should be not-
ed that transfer of deformations could be facilitated by mining at
lower levels hence, based on GDDP, it is a transfer of deforma-

5The minimum length of a strained event that can be accurately measured by the sensor
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tions, not stress, that leads to stress changes at remote locations,
Figure 78.

This transfer process is a chain like movement of discrete, mas-
sive rock blocks. Kaiser et al. (Kaiser et al., 2005) used a train anal-
ogy to describe the sequential movement of rock blocks, in that
the movement will transfer along the whole system. The last car
in a train will not feel the locomotive movement immediately and
will start moving only with some delay. Similarly, if there is such a
delay, or a deformation gradient, in the chain-like displacement of
rock blocks, stress might buildup and induce a failure if intact rock
blocks and joints are already highly stressed.

The main motivation for this thesis is, therefore, to measure the
deformation between two seismically active areas, i.e. old extract-
ed zones at higher levels above the current active mining, to see
if, for example, the displacement rate at point Ai is similar to that
at point Al (similar to the condition where particles can flow in
a silo), or to examine whether rock blocks are moving at different
rates. To this end, measurements with a distributed deformation
sensor that can return many measurement points along its length
will enable us to study the deformation field away from active
mining.

Methodology

Such a distributed deformation sensor was installed in the Cole-
man Mine in Sudbury for the first time. A 25 m high sill pillar
was instrumented with five distributed sensors and monitored for
over two months. Three sensors were broken in early stages of the
sill pillar mining, and analysis of measurements from the two re-
maining sensors did not yield much information. On one of these
two sensors, a very high strain response was noticed in a small
section, a response quite different from the rest of the sensor data.
This high local strain was found to be associated with a rock block
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detaching from the mine back at a joint location, and confirmed
with the results from optical imaging of the borehole. It was then
decided to study the strain response of such a system in great de-
tail in the laboratory before trying more field installations.

A better understanding of the relation between deformation
fields within the rock mass and remote seismic events can help
test hypotheses such as at remote distances. The tested deforma-
tion measurement device is therefore meant to be deployed to re-
cord the deformation pattern away from active mining. Although
optical fibre technology has been in use for almost a decade in
different engineering contexts, there is a limited number of cases
where such a system has been applied in underground mining.
Consequently, a detailed examination of a suitable fibre optic sys-
tem is needed before deployment in an underground mining en-
vironment where many activities and factors may have an adverse
effect on measurements.

This research presents the findings of a comprehensive laboratory

testing program that was set up to explore the following:

— study the performance of the selected system in terms of accura-
cy, resolution, and repeatability;

— define the base noise level of the system;

— establish the relation between deformation and the system’s in-
ternal measured parameter, i.e. frequency;

— explore the sensing system’s response to direct tension;

— explore the system’s response to spatial and sequential distribu-
tion of applied deformations;

— investigate the strain transfer processes when the sensor is em-
bedded in a filling material;

— explore time dependencies of the system response when under
constant strain; and

— investigate the response to direct shear displacement when the
sensor is installed in a borehole crossing various joints at differ-
ent inclinations.

In addition, practical questions for successful utilization of fiber

optics are addressed:

— Is the system capable of registering the relative movement of a
series of rock blocks next to each other?

— What would the system response be when rock blocks deform in
different sequences over the course of mining?

— What is the best installation procedure?

— What grout properties are required for hole filling to achieve
optimal strain transfer?

— What borehole size should be used for the system to have opti-
mum performance?

Summary of Findings
Continuous interrogation of an unstrained SMARTprofile cable
was performed to characterise the noise level below which no
changes in temperature or deformation could be detected. Also, a
spatial shift along the optical cable was noticed from various over-
lain strain profiles, and this was partially corrected using a com-
parative algorithm. The results show that the system can provide
high performance in strain sensing with a minimum noise level
of £75 pe.

Extensional tests on various strained lengths show that the
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strain could be accurately detected down to a strained length
above half the claimed spatial resolution, i.e. 25 cm, Figure 79 (a)
and (c). Below this length, the registered response is unreliable,
highlighting a system limitation for the measurement of short
strained length sections. This limit also dictates the base require-
ment for future test designs and field installations (e.g. clamping
points spacing). During these tests the frequency strain conver-
sion factor was re evaluated and refined, Figure 79 (b).

The behaviour of deformation events over a strained length
shorter than LSR/2 is better understood when considering Brill-
ouin gain spectra. It was found that AvB changes are not linked to
the strained length, but the peak gain can be correlated with the
strained length.

The installation method for the current objective of DiTeSt us-
age is borehole placement with grout filling. A major part of the
experiments was to study the interaction between an embedded
cable and the mortar beams (i.e. grout) and the effect of mortar
properties on the strain transfer process.

When the cable was fully embedded in and bonded to the mor-
tar beam, the DiTeSt response was different at each of three 55 cm
spaced induced crack locations. This was found to be significantly
influenced by the self-debonding length evolution with applied
displacement. Apart from the positive point that the system could
register frequency changes during cable debonding, the amount of
crack opening could not be estimated with high accuracy since the
strained length was not constant. The same test implemented with
weaker mortar showed that the debonding process then became
more uncontrolled.

The cable was then anchored at 50 cm spacing and pre debond-
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ed from the mortar between anchors. Inducing one crack over
each anchored interval resulted in a totally different frequency
compared to that in the fully bonded cable test. The frequency
change registered over each interval was quite repeatable and con-
sistent with the applied displacement since the strained length was
constant, Figure 80.

Finally, the effect of filling thickness and strength on the strain
measurement effectiveness were evaluated using a larger diameter
beam and a beam formed with weaker strength mix, respective-
ly. In both tests, DiTeSt showed exactly the same performance as
with a smaller beam and stronger mortar. This is related directly to
the cable embedment method in the mortar. Therefore, the most
important characteristics of the filling material should be a low
tensile strength so that it breaks at the joint locations as soon as
they start moving.

The best method of installation based on the experimental
studies on the sensing cable under pure tension should be the an-
choring debonding method with minimum 50 cm anchor spacing
and a method to give high quality and complete debonding be-
tween anchors.

The test involving various strained lengths (1) from one to 100
cm showed that all lengths above 30 cm could show a frequen-
cy response over the strained length, although sometimes no re-
sponse was observed for LSR/2<1<40 cm (LSR is spatial resolution
of the DiTeSt). Furthermore, it was noticed that the Brillouin fre-
quency shift change (AvB) varied in a parabolic trend with shear
displacement, contrary to axial tests where a clear linear correla-
tion was established, Figure 81. Apart from the strained length,
another important factor was taken into account for its effect on

Figure 79: a) Brillouin frequency shift change (AvB) for application of 5000 ue to various strained lengths b) best-fit correlation between

300 '500;11: in all cases a)
N . '
T 200 Strained length
% —0— 100cm —<— 20cm
m 100} —o— 80cm —o— 10cm
5 —4— 60cm  —— 5cm
—%— 40cm —¢— 1cm . 2
0 —b— 30cm . '
15 15.5 16 16.5 17
Sensor length (m)
40— , . .
Applied displacement  strained length: 20cm c)
N —0—1.0mm
T 20 -# (0.8mm Clamp Clamp
E -4 0.6mm
o —o—0.4mm
< 0 =% 0.2mm g
“+- 0.0mm gt
15 15.5 16 16.5 17
Distance along cable (m)
applied strain and AvB c) typical AvB response applying incremental displacement to a 20cm clamped length

250 )
C_=0.05055 MHz/pe

Strained length

100cm
80cm
60cm
40cm
30cm
20cm
10cm

200

o

150}

MHz)
AxoqQwva PO

_© 100}

50t

o o
A
v ¥
v
< q ¥, #

1000 2000 3000 4000 5000
Applied microstrain

0

67



Enhanced Mine Development — Underground Mine Construction and Design

350 T T T ; I
" -0 1:3.0mm,2:1.5mm,3:0.5mm
1 \ => 1:3.0mm,2:1.2mm,3:0.0mm|
300 L“J‘;F_: =% 1:3.0mm,2:0.4mm,3:0.0mm)|
: Y -< 1:2.6mm,2:0.0mm,3:0.0mm|
2501 ) te -4 1:1.8mm,2:0.0mm,3:0.0mm
] n -+ 1:1.0mm,2:0.0mm,3:0.0mm
200 :fj\ In:\ - 1:0.2mm,2:0.0mm,3:0.0mm
N nOA Ay
T N e P2
= 150¢ " N -0,
m v \
Z 100} TS St WY
l
] V\W\; b b\\LP3
50} ] : % o
! ‘?,»—“-a* v Cog
05 ?. “‘ﬂ-n‘é_\;_ wb o
50F b.s Cr1 Cr2 Cr3 b.e. 1
10.5 11 1.5 12 12.5 13 13.5

Sensor length (m)

Figure 80: avB for the debonded cable embedment method. The full
gage length is mobilized at the early displacement stage. P1-P3, Cr1-
Cr3, and b.s., b.e. represent three points in the middle of each strained
section, three cracks, beam start and end locations, respectively

60 100
Applied displacement (mm)

Figure 81: AvB changes in parabolic trend with shear displacement in
comparison with the linear correlation from direct tension tests

the shear displacement response of the system. Reducing the kink
length (LK), a length over which the transverse effect of the shear
displacement occurs, showed a significant increase in the frequen-
cy response. The frequency profile also showed a slightly higher
response where the kink guides were located along the strained
length, particularly noticeable for shorter kink and longer strained
lengths.

Another influential parameter on the system behaviour was the
relative joint cable inclination. A section of SMARTprofile was laid
out on the test setup at 75° from the joint trace and sheared in a
way to induce elongation in the sensor. The AvB DS showed that
the frequency still followed the parabolic trend observed in direct
shear (90°) but with less intensity in curvature and a clear linear
trend. The linear trend was due to the longitudinal component of
the shear displacement that caused an axial strain in the sensing
cable. Furthermore, AvB from all kink lengths showed less diver-
gence with shear displacement relative to large differences for the
same kink lengths in direct 90° shear.

The effect of the presence of more than one joint over the
strained length on the system response was tested whether the ca-
ble crossed the joints at 90° or with an inclination. From the 90°
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shear test results it was found that a given AvB profile could be ob-
tained through various displacement paths. Also, it was found that
the displacement at each joint should be individually incorporated
into total displacement in order to understand AvB DS response.
For the shear with an inclined cable with respect to the joint trace,
it was noticed that the frequency profile became non uniform
when the cable at one joint was under elongation and at the other
joint was under shortening during shear displacement. The fre-
quency profile showed higher values in elongation, and dropped
to smaller values at locations closer to shortening displacement.

Commercialization

There is an interesting opportunity for a start-up company that
provides the instrumentation and monitoring services and pro-
duces great knowledge of large complex surficial and under-
ground structures generally in geotechnical fields and specifically
in the mining industry using such sensors.

Practical Implications

These sensors, if properly located in an underground mine, can
provide a very good picture of the displacement field around ac-
tive mining and its evolution with mining progress.

Having these data, one can notice where, why, and how dis-
placement trends are growing and potentially correlate with exist-
ing or progressively forming structural features within the rock-
mass. Such data can help to modify underground support system
designs or extraction sequences to provide a more stable working
environment and more economically-wise decisions for mine pro-
duction.
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5.4 Underground Mine Construction - Ground Support for
Constructability in Highly Stressed, Brittle Failing Rock Masses

Team:
Laurentian University and CEMI team - Dr. Peter.K. Kaiser and many collaborators worldwide,
sponsored by Rio Tinto at the Rio Tinto Centre for Underground Mine Construction at CEMI

Context

Research in support of underground construction was the man-
date of the Rio Tinto Centre for Underground Mine Construction
at CEMI. However, several aspects were also supported by the SU-
MIT Program.

In 2016, Dr. P. K. Kaiser was invited by the World Tunnelling
Association to deliver the Muir Wood lecture in San Francisco.
This provided an opportunity not only to draw on his experience
in deep mining and Alpine tunnelling where both static and dy-
namic failure processes have to be managed as mining-induced
stresses cause shallow and deep-seated rock mass failure but also
to summarize research findings at Laurentian University conduct-
ed as part of the SUMIT Program. Based on the author’s geome-
chanics background, the lecture focuses on geotechnical design
aspects. Findings from collaborative research with colleagues such
as Drs. M. Cai (Laurentian Uni.), E. Eberhardt (Univ. of British
Columbia), M. Diederichs (Queens Univ.), E. Hoek, D. Martin
(Univ. of Alberta) and many more were reflected in the lecture
and in Kaiser (2016).

Executive Summary
For the economic and safe construction of deep tunnels, a con-
tractor must be presented with efficient and effective ground con-
trol measures, i.e., support classes that can be rapidly installed
and are effective in managing stress-fractured ground. For this
purpose, it is necessary to properly anticipate the rock mass be-
haviour and then provide a flexible but reliable means for the sup-
port of a shell of stress-damaged ground around the excavation
such that a tunnelling project can proceed without unnecessary
delays. Stress-driven rock mass failure in brittle rock in the form
of gradual ravelling or sudden strainbursting may often slow the
tunnelling progress. Both failure processes impose difficult and
hazardous conditions for tunnel construction whether the tunnel
is advanced by TBM or by drilling and blasting.

Robust engineering integrating empirical experience, engineer-
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ing analysis and sound construction methods provide the key to
successful tunnelling and timely project completion. Designs that
respect the complexity and variability of the ground, consider the
practicality and efliciency of construction, and ensure the effec-
tiveness of ground control measures, lead to fewer project inter-
ruptions and, consequently, fewer claims or cost overruns. Robust
engineering in highly stressed, brittle failing rock requires a de-
sign which takes rock mass degradation into consideration and
ensures that all construction tools work well with broken rock.

Some challenges to overcome for economic constructability
are engineering design aspects that matter for the selection of the
most appropriate excavation technique and the most efficient and
effective support systems. This article discusses both fundamental
and practical means to better understand and properly document
(e.g., in tender documents) the anticipated rock mass and excava-
tion behaviour; better qualify relevant rock mass characteristics
and their variability; adopt representative models and inputs to
capture the actual rock mass behaviour; and account for practical
constraints during construction (i.e., by matching a design to a
chosen construction technique).

These elements of excavation design are discussed and the im-
pact of naturally variable conditions is reviewed. Guidance is pro-
vided for the quantification of anticipated rock mass behaviour
near excavations and for the selection of design inputs to arrive at
ground control measures that provide both safe and efficient con-
struction. It is discussed how stress-fractured ground is prone to
ravelling and how it imposes large deformations due to rock mass
bulking. It is concluded that deformation-based support selection
principles are most suitable for conditions with stress-fractured
ground. Guidance is also provided to arrive at support systems
that are suitable for highly stressed tunnels in brittle rock for civil
construction and mining operations.

The primary conclusions highlight the need for improvements
in better anticipating the rock mass behaviour at the tender stage
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and the need to design ground control measures from a perspec-
tive of practicality rather than theoretical analysis.

Specifically, with respect to excavation stability assessment, it is
necessary to anticipate brittle failure processes and to properly de-
scribe the implications of shallow rock mass damage and bulking
of stress-fractured ground (e.g., stand-up time reductions).

With respect to support selection, conventional support design
approaches, based on standard rock mass rating systems, are se-
verely limited in conditions where stress-driven failure process-
es dominate. They do not provide effective support systems for
stress-fractured ground, because they do not account for min-
ing-induced stresses, stress changes and related deformations. For
tunnelling and mining at depth, it is necessary to select support
systems that are effective in controlling the bulking of broken rock
and able to yield when strained by deformations imposed by the
stress-fractured ground. This can be achieved by following the de-
formation-based approach described in this article and by Kaiser
(2014). Since rock mass bulking can impose excessive deforma-
tions that cannot be estimated by standard numerical models, it
is necessary to separately estimate the deformation demand when
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bulking dominates (e.g., in late stage mining).

With respect to constructability, it is concluded that conditions
of brittle failure must be anticipated early and thus well described
in a quantitative manner in tender documents. This should in-
clude design inputs relevant for estimating stress-fracturing, for
anticipating the extent of rock mass degradation and its impact
on stand-up time. Most importantly, flexible and effective support
systems (classes) must be provided to manage rapidly changing
ground conditions and prevent related delays.
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5.5 Pillar loading projects

5.51 PILLAR LOAD SIMULATION

Team:
Laurentian University and MIRARCO team - Drs. P.K. Kaiser, C. Gonzalez and M. Cai

Context

As mines progress to great depth and more low grade ore bod-

ies are converted to caving operations to facilitate mass mining,

designing stable pillars with effectively supported stress-fractured
rock using deformable support systems becomes a necessity. Cav-
ing allows for bulk mining of marginal and large ore bodies and is
practiced by mining companies in Canada and around the world.

Experience shows that support installed in highly stressed hard
rock pillars is often ineffective because the support system can-
not manage the large displacements imposed by fractured rock.

This is due to a lack of information regarding pillar loading and

rockmass behaviour when hour-glassing occurs. Critical design

factors include: pillar loading as a function of mine sequencing
and loading by fragmented rock during ore draw, stress-driven
brittle rockmass failure and its influence on support behaviour.

This project aims at developing effective tools and techniques to

improve pillar design and pillar performance. Specifically, it fo-

cuses on two pressing tasks:

— Time-dependent pillar loading: investigating processes resulting
in pillar loads from compaction of fragmented rock above pil-
lars (in drawbells or draw column); and

— Deformation-based support selection: matching deformation
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demand, resulting from the above described pillar wall fractur-
ing process, with the support’s yield capacity.

This project is still ongoing with leverage funding from the NSERC
CRD program.

Some of the findings from the second task are reported else-
where in this SUMIT report. Here we focus on the first task, in
particular on modelling pillar loading with critical state material
behaviour models to evaluate the impact of dilation and compac-
tion of fragmented rock on pillar loads.

Effective rock support design and draw control can only be
achieved with an improved understanding of the pillar loading
process. As indicated above, a system of pillars in an active min-
ing operation is susceptible to a variety of stressors. This research
addresses some of the most important influence factors by use of
laboratory measurements (conducted at the University of Chile
with alternate funding) and advanced numerical modelling using
critical state models.

Methodology
After stoppages have taken place in drawing ore, time-dependent
compaction of caved rocks has been observed and this time-de-
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pendent behaviour of fragmented rock can alter the stress dis-

tribution in and on pillars (on draw bell walls) and impact pillar

loads when drawing resumes. In this study, we investigated two of
many influence factors:

— time-dependent grain size distribution changes: point-loading
between fragments causes stress raisers that with time will lead
to tensile fracturing of fragments causing a shift in the grain size
distribution curves to smaller particles; and

— time-dependent compaction or dilation: from critical state soil
mechanics principles applied to fractured rock, called rockfill,
it is understood that fragmented rock will dilate or compact
during ore flow. As a result, the fill changes its strength, may
cause stress arching and transfer higher loads to the rockfill/pil-
lar interfaces. This process has been studied for silo design but
has not yet been applied to pillar loading in mines.

PFC models are used to simulate the load- and time-dependent
fragmentation (due to stress-corrosion) and related compaction
process.

The second process is captured in Figure 82 by the critical state
models (a) and the simulation of load transfer to pillars using a
“trap door” models (b) or silo models (c).

Critical state modelling work was first initiated with a Post-doc-
toral Fellow in collaboration with the University of Catalonia us-
ing the Plaxis code and then continued at MIRARCO using RS2.
Experimental studies on rockfill materials for dam construction
provided insight into the response of fragmented rock to stress
change and some of the published results were used to evaluate the
numerical model results (not reported here).

First, the computer codes Plaxis and RS2 were compared and
found to produce equivalent results even though some of the
modelling parameters differ. As is typical for critical stage analy-
ses, the results are presented in the p’—q space (Figure 82 a), where:

, _ o1toy+os is the effective mean stress;

- 3

.= J(a;—a;>2+(a;—a;)2+(a;—a;)2

is the effective
deviatoric stress; and

2

and the yield surface is defined by a
logarithmic expression:

o= n (2
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where, p’, is the hardening parameter that defines the yield surface
size and M is the slope of the critical state line (CSL). The CSL sep-
arates compacting (to the right) from dilating (to the left) material
behaviour modes. The state to the right is called “wet” because
pore pressures would be generated if saturated. The state on the
left is called “dry” because of the dilative behaviour leading to pore
pressure reductions.

Summary of Findings

Here we summarize the current state of the modelling for the sec-
ond task. The eventual outcome of the research will include pillar
load evolution charts, which should assist in selecting pillar design
loads and in managing draw control.

Single drawpoint model

A set of stress paths in a p-q diagram are graphed in Figure 83
for five points located along the vertical axis of a single drawpoint
model (for the simulated dry conditions, p’ = p). The CSL is repre-
sented by the line intersecting the origin.

The initial p-q values are given by the original compaction
due to the gravitational forces. In this particular model, only
one point, the point closest to the trap door simulating ore draw,
reached the critical state; the others are tending toward the CSL.
This is because the points further from the drawpoint experience
internal stress redistributions as anticipated by the silo theory. As
the support pressure at the drawpoint decreases, the broken rock
deforms until it reaches its critical state and starts to yield and
flow. The stress and deformation distribution is not uniform and
internal stress arches may develop. Figure 84 shows the same fam-
ily of curves together with the respective yield surfaces (ellipses).

Because stress paths on the right of the CSL indicate contraction
or compaction, the fractured rock is compacting at all locations;
i.e., the rockfill is compacting at all locations with the chosen ma-
terial properties. Furthermore, all stress paths indicate unloading
situations. For wet muck, pore pressures could be generated in a
fully saturated rock fill and effective stress analyses are required to
tully capture the behaviour of saturated rockfill.

Double draw point model
Figure 85 presents a double draw point with different fill proper-
ties on either side and hardening parameters p’ = 1.2 and 7.3 MPa,
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Figure 83: Stress path in mean stress p vs. deviator stress q space at five locations

respectively. The initial stress state was defined by a low earth pres-
sure coefficient to rest k = 0.4 leading to a relatively high deviator
stress q. A higher p’| reflects a denser material; in this example the
material on the right (blue) is denser than on the left (pink). Draw
is simulated by simultaneous “trap door” movements. Hence, the
material on the left, which is weaker and reaches the yield point
more rapidly deforms more easily.

Here we present results from simulations of loose ore in dual
draw points. The volumetric strain is shown in Figure 86 together
with yielding elements and normal stress distribution at the joints
between the ore and pillars at an moderate draw stage.

The volumetric strain patterns and therefore the extent of ma-
terial movement zones are strongly affected by the hardening
parameters (or the initial density of the broken rock). The looser
fractured rock I (on the left) reached the critical state in the centre

Point 1(10;23. 766]

Point 2(1017 753

~

»

Deviator Stress g [MPa]
“

15 2 28 y 35 4
[Effactive principal stres @ [MPa]

Figure 84: Stress path in p-q space for the five locations on the
vertical axis (x and y coordinates are given in brackets)

(+) due to its own weight and later near the contact to the pillar
due to the stress redistribution. Hence, the volumetric strain con-
tours are localized near the transition to the vertical pillar wall.
The denser fractured rock (on the right) reached the critical state
only near to the transition from the inclined to the vertical pillar
wall, i.e., the ore in the right draw point does not yet yield.

The normal stress distribution shown in black at the interface
between ore and pillar (simulated by a joint) is uniform on the in-
clined surfaces and much lower on the vertical pillar walls. Hence,
the pillars are essentially unconfined on the vertical surfaces while
being loaded on the inclined surfaces.

*| unit weight 1.6t/m*

Fractured Rock | 5
Har dening et MP;
Y I R

Fractured Rock |1
Hardening parameter = 7.3 MPa

Figure 85: Double draw point model with denser material on
drawpoint on the right
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Ore behaviour in single draw point

The rockfill is again assumed to be normally consolidated. Hence,
it is initially on the wet side and in a contractive state. Figure 87
shows the initial state because of self-weight. This loading tends
to compact the material and, due to the pillar geometry, the com-
paction is not uniform and part of the material yields as shown
the Figure 86 by (+). The stress state of the rockfill that yields is
located outside of the yield surface (in Zone 3; at the large ellipse),
whereas the rock fill that is compacting but does not yield remains
inside the yield surface and is in an elastic state (Zone 1). Finally,
rockfill that is dense enough so it will dilate when deformed would
be located on the left side of the CSL, i.e., in the dilating space
(Zone 2; not reached with the chosen parameters in this model).

As the “trap door” is lowered to simulate ore draw, the rockfill
changes its characteristics and transitions from one zone to anoth-
er. This can be interpreted in terms of stress paths in the p-q space
as shown in Figure 88.

The critical state line is defined by the slope M, and it is typ-
ically obtained based on triaxial compression tests. However, in
a silo situation decompression dominates the material behaviour
and it is more appropriate to obtain the M parameter from triaxial
extension tests. The CSL line accounting for the dependence on
degradation can be obtained by a correction factor K such that q
= K M p. The critical state slope, modified by the parameter K, is
flatter as illustrated by M’ in Figure 88.

In the above presented drawpoint simulation, the initial rockfill
density was selected to fall very close to the CSL (defined by M)
and some of the stress paths seek to reach the CSL as material is
drawn from drawpoint (trap door is lowered). These points are
initially located in Zone 3. However, points initially located in
Zone 2 change their behaviour by moving towards Zone 1 (elas-
tic) and show a stress path of increasing mean stress p whereas the
deviator stress remains constant. It thus tends to a stable condition
when reaching Zone 1. This creates a stress arch in this area. This
stress arch is in the contractive behaviour zone (Zone 1 is elastic
and contractive) but it is able to transfer loads to the pillars.

Figure 89a presents the volumetric strain distribution at a stage
of draw when the pressure on the “trap door” has reached a min-
imum. Only contours of positive values of volumetric strain are
shown in order to highlight the arch with near zero volumetric
deformation.

According to the silo theory, this arch is in compression not in
extension. Thus, points initially located in Zone 2 start with neg-
ative volumetric deformation (contraction) as the arch is devel-
oping. However, as can be seen in Figure 89, the points at the top
and at the bottom of this region, initially located in Zone 2, stay
with zero volumetric deformation and follow an arch shape distri-
bution. On the other hand, near the pillar walls, the compressive
stress increases and points initially located in Zone 2 become elas-
tic (in Zone 1) until they yield under compression (Zone 3).

The critical state identified by dark pluses (+) indicates points
that start yielding (in general in Zone 3) due to the self-weight,
and the red bright coloured pluses (+) identify locations that reach
the critical state and yield by arching. This is because the arch
compresses towards the pillars and the material close to the pillar
wall yields under compression (Zone 3). This compressed material
is located along the inclined pillar walls.
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The volumetric strain distribution in Figure 89a is representa-
tive of points that have reached the critical state. The horizontal
displacements towards the inclined pillar walls takes place as the
stress redistribution develops for points initially located in Zone 2.
The corresponding horizontal displacements are shown in Figure
89b.

Pillar loading in single draw point

The stress evolution on the pillar walls for various material char-
acteristics and status relative to the critical state is currently being
investigated. An example is presented in the principal stress space
(Figure 90) for two locations: at the apex of the pillar and at the
vertical pillar wall. Both points are at the edge of the arch with
zero or almost zero volumetric deformation. The contours shown
bound the volumetric deformation, ranging between values closer
to zero, i.e., where yield develops along the inclined pillar wall.

At or near the apex, the minor and major principal stresses in-
crease in part because of the arching process described above. This
means that the pillar load is gradually increasing as ore is drawn
and arching develops. The maximum pillar load is experienced
when the arch is completely developed and ore flux is stopped
above the arch.

On the other hand, at the vertical wall, the minor principal
stress initially decreases at a more or less constant major principal
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stress. As a consequence, the confinement of the pillar drops. At
higher draw displacements though the major principal stress in-
creases and this means that the shear stresses at the wall eventually
increase.

Futures studies will investigate the influence of various initial
material properties and draw sequences and rates on pillar loads
and pillar confinement such that the pillar failure processes can
be better assessed. It is the intent of this investigation to establish
pillar loading charts for this purpose.

Conclusions

This investigation shows that RS2 offers a tool to investigate the
impact of fractured rock on pillar loading using critical state mod-
els as adopted for rockfill in dam construction.

The impact of various hardening parameters, and over-consol-
idation ratios, OCR, the initial earth pressure coefficient at rest k_
can be investigated. While not yet tested, the fluid flow capabili-
ty of RS2 will also allow to assess the influence of pore pressure
changes.

It is evident from this preliminary study that factors that in-
fluence the fractured rock density (time dependent fragmentation
and compaction) and the relative movement between drawpoints
affects pillar loads. The critical state models are well suited to es-
tablish pillar load charts.

Future work will focus on the calibration of models on results
from sand flow tests and eventually by back-analyses from pillar
monitoring. The influence of arching and unloading as well as the
consequences for pillar stability and support design can then be
better assessed.

Practical implications

This project addressed pillar loading for optimal support selec-
tion and pillar design. The potential cost-benefits of this research
are significant. Such benefits will not result from the proposed re-
search alone but will be derived by mining companies applying
the tools, charts and models developed in this project. The impact
will be seen at green fields projects when designing layouts (pillar
dimensions), during mine development (when selecting effective
and efficient support), and during operations when controlling
draw in caving operations). With improved understanding of pil-
lar loading and time-dependent behaviour of fragmented rock,
sound engineering can be conducted, and this will improve safety
and productivity in underground mines.
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Figure 90: Stress paths at two points at the pillar to rockfill interface
where the volumetric deformation contours is near zero
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5.5.2 NRS PILLAR MONITORING - CHARACTERIZATION & TECHNOLOGY TRIALS

Team:
Laurentian University and CEMI team - Drs. P.K. Kaiser, Salina Yong and D. Duff

Context

This project was motivated by the potential benefit of higher

footprint reliability and the observations of pillar instabilities at

many operations. For better support of footprints and selection

of risk-balanced pillar dimensions, it is necessary to better under-

stand the behaviour of the brittle failing rock near the excavation

wall by estimating the depth of failure and rock mass bulking. Re-

liable detection of depth of wall damage is urgently needed for

four primary reasons:

— confirmation of damage depth estimation based on rock mass
strength (in situ and support) combined with situational loads;

— assessment of reliability and effectiveness of installed support
systems;

— development of innovative support systems (gabion concept);
and

— support system integrity assessment.

For this study, Sudbury Integrated Nickel Operations, a Glencore
Company’s Nickel Rim South (NRS) Mine provided a test site to
evaluate geophysical techniques for depth of failure monitoring
and remote sensing techniques for monitoring rock mass bulking.
The monitoring program was expanded to address the parallel in-
terests of the NRS Mine for strainburst management and assessing
the conditions of narrow rib pillars and failure processes.

The objectives of the field trials were:

— damage characterization of a pillar in response to nearby min-
ing;

— assessment of the pillar’s response to further mining-induced
loading;

— determination of the depth of failure behind the support;

— testing of seismic refraction tomography to define the depth of
fajlure; and

— testing of a hand-held laser scanner (ZEB1) for rapid detection
of rock mass bulking.

Assessments of the chosen technologies required verification by
conventional means; thus, secondary goals included characteriza-
tion of the pillar and monitoring its response as two panels were
stoped. Ground-truthing methods included core logging, labora-
tory testing for UCS and P-wave velocities, borehole camera log-
ging, borehole velocity profiling, stress change monitoring, MPBX
deformation monitoring, and convergence measurements. The
field trial spanned eight months and involved 20 key personnel
and five organisations (including Sudbury Integrated Nickel Op-
erations, a Glencore Company and the Rio Tinto interns).

Summary of Findings
The outcomes and practical implications of the field trials are:

Damage characterisation of the pillar was successfully achieved
by integrating the various datasets (Figure 91). Velocity-profiling
through the width of the pillar indicated stress damage through-
out the pillar. However, a narrow load-bearing core (0.5 to 1 m
wide) in the 5- to 7-m wide rib pillar was delineated from observa-
tions of borehole breakouts and discing in drillcore. This is consis-
tent with the minor seismicity observed during borehole drilling.

The pillar response, determined from stress change and defor-
mation monitoring, indicated that the mining of the panels added
some 100 MPa to the vertical loading and change in the bulking
factor was small (<1%).

The prevalence of stress damage through the narrow width of
a rib pillar presented a significant challenge to the use of refrac-
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Figure 91: Integration
of pillar borehole data
(left) consisting of core
photo, velocity profile,
borehole camera,
MPBX deformation
profile (from bottom to
top) and plan view of
zones of fracturing and
breakouts (borehole
overlays in right) from
borehole camera
compared to drill core
disking (underlying
two-colour zonation in
right)
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Figure 92: Horizontal seismic refraction tomograms for the pillar
wall from two consultants (Golder Associates in top and Augeos in
bottom, with identical gradient scales)

tion seismic for defining the depth of failure (Figure 92). The poor
rock quality near the surface resulted in strong attenuation of the
high-frequency energy of the seismic waves in the first 0.2 to 0.3
m. The technology is not yet ready for deployment for this pur-
pose and recommendations include deeper seating of the sensors,
decreasing their spacing, and using advanced processing methods
to improve data quality.

Field testing of the handheld laser scanner showed promise in

SUMIT B I

its ease of use and data processing. The limitation of the system is
set by its accuracy, which was found to be +5 mm. Comparison
against convergence measurements (Figure 93) suggests that the
ZEB1 scanner can be a viable alternative for convergence moni-
toring for situations where deformations clearly exceed the system
accuracy.

From NRS’s perspective, this study was primarily undertaken
to identify stability indicators for the assessment of pillar load ca-
pacity for dimensioning and rockburst prevention. The load-bear-
ing core of limited extent is still able to store strain energy and
thus, is burst-prone to some extent: it is able to generate seismic
events and release some stored strain energy. However, because of
the highly-damaged shell in the walls on either side, any energy
release will be dampened in the low velocity zone and dynamic
deformation will be cushioned.

This limited stored energy is not expected to impose excessive
deformations or stresses on the support. Considering the quality
of the support, the monitoring suggests that the pillar was cer-
tainly adequately supported for the duration of the monitoring
period. The data also indicates that the support is performing its
reinforcement function well under the imposed stress change and
deformation. Bolts installed in the pillar are still performing well
because they are connected to a robust retention system (shotcrete
and mesh) that prevents broken rock from ravelling.

Publications
NOTE: for a complete listing of the principal author’s publica-

tions please go to: https://scholar.google.ca/citations?user=B-
M3Ds4EAAAAJ&hl=en
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5.6 Dynamic Support Research for Effective Ground Control

Team:
Laurentian University, MIRARCO - Drs. Ming Cai and Peter K. Kaiser

| Titles: Dr. Peter Kaiser, Professor
Emeritus; Dr. Ming Cai, Chair

in Geomechanics, Laurentian
University

Role: Pl and Co-PI responsible for
SUMIT Program technical delivery
and project execution
Collaborators on team: Vale,
Sudbury Integrated Nickel
Operations - A Glencore Company,
Rio Tinto

Abstract

This project aimed at consolidating research findings from vari-
ous SUMIT sub-projects and of relevant research funded by other
means including NSERC, CEMI and industrial sponsors (Sudbury
Integrated Nickel Operations, a Glencore Company, LKAB, New-
crest, Rio Tinto and Vale). The product is an up-dated version of
the 1996 Canadian Rockburst Support Handbook with special
consideration given to excavation vulnerability and strainbursting
(see Section 5.1).

Research outcome - Guide to Rockburst Support
Selection

The Canadian Rockburst Program was completed in 1995 and
the Canadian Rockburst Support Handbook published in 1996.
This handbook presented a systematic engineering approach to
select rock support for burst-prone mines by assessing both sup-
port demands and support capacities. After two decades, it was
deemed necessary to update the handbook in the form of a “Guide
to Rockburst Support Selection” and to enhance the support se-
lection process by assisting practicing engineers in implementing
systematic design procedures. This comprehensive guide should
help ground control engineers to create safer work places in burst-
prone mines.

In recent years, many new rock support components have been
developed to enhance the ground control toolbox and new lab-
oratory and field test data have become available to better assess
the dynamic performance of rock support. Monitoring systems
and data processing tools have been developed to better assess the
seismic hazard and the risk of rockbursting and rockburst dam-
age. Furthermore, it has been learned that strainbursts, whether
self- or seismically triggered, often dominate the failure process
of excavations when statically loaded by mining-induced stresses
and seismically triggered by a remote seismic event. This strain-
burst and related damage process was not well reflected in the en-
gineering approach presented in 1996. New insight into the role of
strainbursts is now summarized in this Guide based on detailed
discussions presented in various keynote lectures (e.g., Kaiser and
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Cai, 2013). Even though it is realized that further research will be
required to arrive at yet more reliable means for energy release
calculations to design support against seismically triggered strain-
bursts, this important aspect is included in a semi-qualitative
manner in this revision.

Due to the complex behaviour of highly and dynamically
stressed rock in hard rock mines as well as the complex interac-
tion between rock support and stress-fractured rock, it is difficult
to provide strict guidelines. Hence, this guide is not a “cook book”
and the reader is expected to respect site-specific experiences
when following the approach outlined in this guide. Nevertheless,
it is a source of information that should assist in making prudent
decisions.

Realizing that the interaction of geology, variability in rock
mass properties, stress and dynamic factors leads to a highly com-
plex process of rockburst damage and damage mitigation with
ground support, a 3D support system needs an assessment and
selection tool called BurstSupport, developed in collaboration
with MIRARCO Mining Innovation. This tool is available from
MIRARCO (www.mirarco.org).

Finally, both the 1996 version and this Guide rely for some
design aspects on the use of scaling laws to anticipate ground
motions from seismic sources. Mendecki (2016) presented the
fundamentals for seismic hazard assessment and confirmed the
approach as well as the parameters introduced in the 1996-ver-
sion for PGV (peak ground velocity) prediction. He found that
the parameters derived for a Canadian mine were applicable to
other mines. When designing support, it is necessary to arrive at
meaningful but not excessively conservative design inputs to pre-
dict extreme but realistic ground motion limits similar to 100-yr
floods for dam design or 50-yr wind loads for high-rise design.
The scaling law approach aims at providing such practically mean-
ingful design inputs.

However, at many locations in a mine the actual ground veloci-
ties (PGVA) could be higher or smaller than the PGVD because of
the effect of radiation patterns, wave reflections and attenuation.
Because it is the actual PGV, the PGVA, that causes damage and
not the extreme PGVD used for design, scaling laws with param-
eters intended for design are therefore not applicable for forensic
analyses of rockburst damage. This important aspect is empha-
sized in this Guide.

When assessing rockburst damage situations, the effect of radi-
ation patterns, wave reflections and attenuation must be respect-
ed and means to obtain the actual ground motions at the damage
location must be adopted. For this purpose, a synthetic ground
motion assessment tool, called S-GMAT, has been developed in
collaboration with the Institute for Mine Seismology (IMS). It
provides 3D radiation patterns from seismic point sources with
measured source parameters from analytical or numerical solu-
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tions. S-GMAT is available for beta testing by program sponsors.

MIRARCO at Laurentian University is in the process of pub-
lishing a “Rockburst Support Reference Book” as a much enhanced
update of the 1996 Canadian Rockburst Support Handbook (Kaiser
et al., 1996).

Three volumes will be released in late 2017 and early 2018:

1. Rockburst phenomena and support characteristics

2. Rock support to mitigate rockburst damage caused by dynamic
excavation failures

3. Rock support to mitigate rockburst damage caused or dominat-
ed by dynamic disturbances from remote seismicity

Preliminary manuscripts will be distributed to interested par-
ties offering timely feedback and contributions for possible inclu-
sion.

Final copies will be distributed free of charge upon registration
as a reader. ISBN numbers are available from the authors. Further,
the guide introduces two tools (BurstSupport and S-GMAT) for
support selection and rockburst damage assessment.
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Motivation

Energy costs as a proportion of overall production costs for mines
has been steadily increasing from about 5% to 16% from 1960 to
2010 (Figure 94). At 18%, this proportion is higher for non-metal
mines.

Abstract

The formal name of the sub-project for this work was: Sustainable
Operations — Energy Management and Ventilation-on-Demand.
At the outset, this itself was divided into broad categories of work:
i) development of Ventilation-on-Demand, ii) Demand side ener-
gy conservation, iii) utilization of waste heat recovery and storage
and iv) innovation in on-site supply side management.

The research team made huge strides in improving model-
ling capability and understanding of seasonal thermal regenera-
tors, which reduce the amount of natural gas that must be paid
for heating mine air in the winter and avoids the installation of
mechanical refrigeration capacity with its concomitant electricity
consumption and demand for capacity on the electrical grid. The
annual savings for operators arising from seasonal thermal regen-
erators were shown to run to millions of dollars.

Even higher economic value to operators was identified through
the Optimal Mine Site Energy Supply design toolkit developed as
a part of the work. This incorporated developments in mine en-
ergy auditing and the visualization of the results of such auditing
tasks with 4D Sankey diagrams. The audits undertaken as part of
the work identified and visualized energy savings of $140 mil-
lion per annum (2008 U.S) for a pyrometallurgical operation and
$eight figures per annum for a processing/beneficiation operation.
It was harder to undertake energy audits for underground mines,
but methodologies were developed to do this in a standardized
fashion.

Importantly, for some mine operations where sub metering is

not available, the work developed a smart underground mine elec-
tricity monitoring system that drew upon artificial neural network
technology to develop the end-use consumption breakdown from
these single meter readings: the ‘smarts’ were in the neural net-
work. A detailed auxiliary ventilation duct computer simulation
tool was created that explicitly accounted for the leakiness of these
systems, practically observable in the field. The tool demonstrated
that leakage can have a dramatic effect on ventilation-on-demand
economics and that this absolutely needs to be taken into account
in auxiliary ventilation system design. Varying fan speed (as in
VoD) is one way to save energy and money in auxiliary ventilation
systems, another way is to design a regulator device that, as well as
permitting adjustment of the flow, can recover the energy in the
air flow that would otherwise be dissipated. This is the subject of
the last topic of research reported.

As will be appreciated from the above, much, if not all of the
undertaken in the SUMIT 6 package relied on techno-economic
analysis tools that required economic input, principally to guide
observation taking, analysis and design tasks. Thus, in the report
that follows, what was discovered about mine energy economics
because of the research, is reported first.

Context

Much of the work undertaken in the SUMIT 6 package relied on
techno-economic analysis tools that required economic input. In
trying to establish the portrait of energy economics as applica-
ble to the mining industry, it quickly became evident that there
were insufficient, or highly fragmented, public domain data for
informed decision making for the Canadian sector as a whole.
Consequently, one early task the team undertook was to consoli-
date and defragment multiple data sources from Canadian federal
and provincial government departments, so that a coherent en-
ergy economic picture for the country’s mining sector could be
established. The main findings were:

In real terms (Figure 94),

— electricity costs have remained relatively steady since 1990

— natural gas costs peaked around 2004 and have declined since,
driven by fracked production

— the cost of fuel oil, on which the competitiveness of the mining
industry so strongly depends, had significantly increased.

5Now Joy Global
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Figure 94: Trends in energy pricing for the Canadian mining
industry 1990 to 2012

There is an appreciable lag between the time at which energy
data is collected by Government departments and the time at
which is has been verified and released to the public domain.

Across the base metals sector, the average consumption of
electricity per tonne of ore produced has remained the same or
declined very slightly since 1990 (Figure 95). This is surprising
because over the same period, there has been greater usage of die-
sel powered mobile equipment in the sub-surface, and one would
expect electricity consumption to increase due to higher ventila-
tion requirements. The fact that it has not increased could be due
to electricity conservation efforts in the mine working well, with
the electricity consumption savings ‘being taken’ in the form of
the enhanced production attainable with the diesel equipment by
mining industry operators.

Energy costs’ proportion of overall production costs for mines
has been steadily increasing from about 5% to 16% from 1960 to
2010 (Figure 96). At 18%, this proportion is higher for non-metal
mines.

Since the 1970s, the types of energy conservation measures ap-
plied at operating mines have remained more or less the same to
the present day, with the exceptions of i) increased metering and
process control (smart measurements and integration of technol-
ogies) and ii) adoption of renewable energy technologies, when
appropriate.
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Work on the SUMIT 6 project was undertaken by executing a suite
of inter-related sub-projects:
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6.1 Seasonal Thermal Generators

At Vale’s Creighton Mine in Lively, Ontario, it has been common
practice for decades to draw all (~800 m3/s) of the mine’s venti-
lation air through a one km3 scale body of fragmented rock (Fig-
ure 97). During the summer, the heat in the air is stored by the
broken rock fragments as the former is cooled for delivery to the
sub-surface. In the winter, the heat stored in the rocks during the
summer warms the cold winter air as it passes through the same
fragmented rock body.

Methodology

The work done on this topic concentrated on computational fluid
dynamics simulation of the system to enhance understanding of
its behaviour to improve the value of the asset as a ventilation air
cooling and heating system at Creighton specifically and to per-
mit design of new systems, that we have called seasonal thermal
regenerators, at other mine sites where opportunities allow. From
an energy point of view, the key advantage of systems such as these
is that they displace active heating or refrigeration systems that
would otherwise have to be installed and operated at great cost.

Summary of Findings

The simulation work revealed that the equivalent active heating or
cooling capacity of what is, fundamentally, a pile of broken rock,
is approximately 20 MWth. Simulations also led to proposals for
engineering measures that would extend this capacity.

Team Contributions

PhD. Natural Resources Engineering, Sidney Schafrik (Dec
2014, Geometry of heat exchange in fractured & broken rocks).
His PhD work concentrated on establishing the thermal and flow
parameters of the body of fragmented rock, and he did this by de-
velopment of an entirely novel methodology that integrated CAD/
CAM (including rapid prototyping) and CFD techniques and ver-
ified this with site observations (Figure 98).

Upper surface of caved rock

connection to
ventilation system

Volume of caved,
broken rock comprising
the NHEA

Ea;i— » North

Figure 97: 3D rendering of Creighton Mine’s so-called, Natural
Heat Exchange Area (NHEA), an example of a large scale
seasonal thermal regenerator

M.A.Sc. Natural Resources Engineering, Olimpia Banete (Apr
2014, Towards modeling heat transfer using Lattice Boltzman
Machine for porous media). Olimpia set up, and established LBM
models of porous media within MATLAB. She then undertook
laboratory experiments of heat transfer in gravel scale materials
in order to verify her numerical results, and these are published in
her Masters thesis.

CAD/CAM

Vale’'s NHEA, undertaken by Sidney Schafrik

CFD

Figure 98: lllustration of the CAD/CAM/CFD integrated methodology that led to identification of air flow and heat transfer parameters for

Physical odel & Wind
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Donato Grandal-Villar (CFD Modelling of the Natural Heat
Exchange Area). Donato creatively explored the use of Computa-
tional Fluid Dynamics of broken rock piles as methods of heat and
coolth storage for architectural structures such as sports stadiums,
swimming pools and other similar civic facilities (Donato being
a Professional Architect and Urban Planner). Donatos work was
seminal in visualizing the dynamic behaviour of seasonal thermal
regenerative heat stores. It was through Donato’s work on this that
it was discovered that the NHEA exhibits a seasonally driven ther-
mal wave like behaviour (apparent in the recurring seasonal spa-
tial distributions of rock temperature within the NHEA, Figure:
99).

It was Dean who realized that the phenomenon could be en-
gineered: Figure 99, on the right-hand side, shows how the be-
haviour is modified through the inclusion of a cap to lengthen the
flow path of the air through the NHEA. ‘Pulses’ of extreme hot
and cold portions of rock are apparent on the RHS of the NHEA,
but on the LHS, the warm and cold rock temperature fronts (blue
and red) have ‘spread out, such that at the doors on the LHS of the
NHEA, the only temperature (green) ‘seen’ at this location is the
average temperature, year round. This is exactly the desired effect,
currently only approximated through control door manipulation,

Sustainable Operations - Energy Management and Ventilation

with the added benefit of enhanced volumes of air flow because
all the control doors are opened and offer less resistance to the
fans. The mine operator needs to have greater confidence and un-
derstanding of this behaviour before committing to engineering
measures involving a cap, and the simulations have helped in this
regard.

M.Eng. Renewable Energy, Wendy Matthews (Jun 2015, CFD
modeling of Creighton Natural Heat Exchange Area). Established
the detailed methodology for calibrating the heat transfer and air
flow properties of the NHEA within a mainstream Computational
Fluid Dynamics (CFD) code.

Bob Anderson. Software implementation of a procedure to
back-calculate the temperatures of the rock in which the NHEA
heat is stored, from field observations of air temperatures at the
peripheral control doors of the NHEA.

Thus, a concept of thermal tomographic inversion was born.
Bob managed to execute the concept completely in 2D, based on
a line integral formulation for the unknown rock temperatures
(Figure 100). Ultimately it was found that the proposed technique
is not that robust due to the great thermal inertia of the rock ma-

Without cap

Year 1 Year 2 Year 3

No

With cap

Year 1 Year 2

Figure: 99: Seasonal snapshots of the temperature field within a portion of fragmented rock 1/10th of the volume of Creighton Mine's NHEA.
Air flow is from the top, horizontal surface to the steeply dipping LHS surface containing gaps denoting air flow control doors. LHS set (of
12) showing the seasonal temperature patterns when air flow can cross the whole of the top horizontal surface. RHS set (of 12) showing the
seasonal temperature patterns when air flow can cross only the RHS of the top horizontal surface
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Initial Conceptualisation 2D Formulation

3D Formulation

Figure 100: Refinement
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flow control door optimization, and investigation of latent heating
and cooling in the NHEA is underway supported by a follow-on
UDMN project.

Ms Cheryl Allen, Vale. Cheryl Allen was MIRARCO’s single
point of contact on research concerning the Natural Heat Ex-
change Area at Creighton Mine. Cheryl and her team at Creighton
(Doug O’Connor, Brian Keen and Paul Aho. have provided abun-
dant data on temperatures, pressures, humidity and air flow rates
through the NHEA through access to their PI system, shown in
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We believe that this access was completely instrumental to es-
tablishing new scientific understanding of how seasonal thermal
regenerators operate at ~one km” scale.

Selected References

Schafrik, S. & Millar, D.L., 2015. Verification of a CFD code use for
air flow simulations of fractured and broken rock. Applied Ther-
mal Engineering, Vol. 90, p.1131-1143. doi:10.1016/j.applther-
maleng.2015.03.021.
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6.2 Optimal Mine Site Energy Supply (OMSES)

This part of the SUMIT 6 work focussed specifically on optimiz-
ing the integration of conventional and novel energy technology,
motivated by the imperative of minimising energy costs for mine
operators.

Methodology

The tools developed initially adopted mixed integer linear pro-
gramming techniques to minimise lifecycle (discounted) cost of
the supply of energy to a mine site defined by demand time series
for energy in all its forms (electricity, gas, diesel, steam, hot water,
chilled water, etc.). The mathematical programming formalism
introduced constraints reflecting mass and energy balances across
individual technologies (e.g. the heat provided to a diesel engine
in the form of fuel must equal the shaft work output plus the heat
added to cooling water and/or cooling oil plus the heat added to
the air around the engine - exactly), and across each energy utility
provided (e.g. the total electricity produced by all generating de-
vices plus imported electricity must equal the electricity demand

from the mine operations). Graphically such considerations are
represented in Figure 102.

Summary of Findings

Ultimately the tool was proven to be able to integrate renewable
technologies exploiting solar, hydro, wind and biomass energy
alongside conventional prime movers such as gas turbines, steam
turbines and diesel engines. It was also extended to incorporate
energy storage systems (including: batteries, pumped storage, bio-
mass bunkers) into the optimal energy supply solution.

Finally, Model Predictive Control algorithms were integrated
into the optimal energy supply solution procedure so that the ro-
bustness of this solution in the face of real world uncertainties of
energy demand (e.g. meteorological) and the economic environ-
ment could be improved and maintained. Overall, a portfolio of
tools has been developed that together exceed the capabilities of
many mainstream software tools for energy supply system design.

Each time the tools have been applied to real world mining
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case studies, they have returned reductions in life cycle energy
costs for mines of between 15% and 50% compared with base case
BAU scenarios, with the greater amount applying to remote mines
and communities who choose to consolidate their demand with
mines. The tool has also been used to i) establish designs for mines
operating with 100% renewable energy and ii) answer key design
questions for mines such as what rating should their electrical
connection be or how big should their gas pipe be - for minimum
cost.

Team Contributions

Post Doctoral Fellow: Dr. Monica Carvalho. During her tenure
at MIRARCO, Dean and Monica applied for, and were successful
in securing, a NSERC IRDF (Industrial Research and Develop-
ment Fellowship) to co-fund Monica’s position. Monica represent-
ed the team at several international conferences, and, as part of the
collaboration with Dr. Andy Fyon, of the Ontario Geological Sur-
vey, flew to Fort Severn First Nation in the Far North of Ontario
to gather data for demand consolidation energy supply modeling
involving mine and First Nations communities.

PhD. Natural Resources Engineering, Alberto Romero (Aug
2016, Optimal Mine Site Energy Supply). Alberto has extended
the Polygeneration Optimization methodology and integrated the
ideas of model predictive control with those of OMSES to ensure
mine site energy supply remains optimal in the face of environ-
mental and energy market uncertainties. An example of optimal
pump scheduling results in the face of uncertainty in precipitation
and market electricity price is presented in Figure 103.

B.Eng. Mining Engineering. Research Project Students
(2012)

These students undertook some preliminary conceptual feasibility
optimization work in the area of mine dewatering.

— Ian Berdusco (MPC Algorithm for mine dewatering)

— Curtis Cameron (MPC Algorithm for mine dewatering)
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— Onneile Thomas (MPC Algorithm for mine dewatering)
— Cyle Wheeldan (MPC Algorithm for mine dewatering)

Mr. Marc Boudreau and Mr. Dan Dumais of BESTECH provided a
industrial secondment opportunity for Alberto Romero. This pro-
vided Alberto with exposure to VOD control and measurement
equipment (such as presented in Figure 104) typical demands, and
demand profiles, from outside the Sudbury Basin, that have been
instrumental to his PhD research on Optimal Mine Site Energy
Supply, and the application of Model Predictive Control to poly-
generation optimization.

Figure 104: BESTECH's NRGI-Eco system to minimize electricity
consumption costs associated with auxiliary mine ventilation
systems.
Source:http://www.bestech.com/Downloads/ProductSheets/
BESTECH_NRGI-ECO.pdf
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Mr George Shields, De Beers were not identified as a formal
mining industry collaborative partner at the time of application.
Nevertheless, interactions with George Shields, and De Beers Vic-
tor Mine in the Far North of Ontario, led to deep insights in to
the specific needs of remote mines in Northern Ontario, and how
these can be met at the same time as meeting the needs of other re-
mote communities in the same region. Interactions with George,
led to a joint publication on OMSES.

Dr. Andy Fyon, Ontario Geological Survey. Dr. Fyon provided
an opportunity for Dr. Monica Carvalho to visit the Fort Severn
First Nation community to share experience and practice of op-
timal energy supply, including renewables, for remote commu-
nities. Monica’s demonstration of thin film floating photovoltaic
systems remains memorable for all members of this community.

Selected References
Romero, A., Carvalho, M. and Millar, D.L., 2016. Optimal de-
sign and control of wind-diesel hybrid energy systems for remote
arctic mines. ASME Journal of Energy Resources Technology,
doi:10.1115/1.4033677.

Romero, A., Chacartegui, R., Becerra, J.A., Carvalho, M., & Millar,
D.L., 2015. Analysis of the start-up and variable load operation
of a combined cycle power plant for off-grid mines. International
Journal of Global Warming. (In press).
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Romero, A., Millar, D., Carvalho, M., Maestre, M., Camacho, E.
E, 2015. A comparison of the economic benefits of centralized
and distributed model predictive control strategies for opti-
mal and sub-optimal mine dewatering strategies. Applied Ther-
mal Engineering. Vol. 90, p.1172-1183, doi:10.1016/j.applther-
maleng.2015.01.031.

Millar, D.L., Romero, A., Carvalho, M., Levesque, M., 2014. Opti-
mal Mine Site Energy Supply. Book Chapter in Responsible Min-
ing, Case Studies in Managing Social & Environmental Risks in
the Developed World, Jarvie-Eggart, M.E,, (ed), Society of Mining
Engineers. ISBN 978-0-87335-373-1.

Carvalho, M., Romero, A., Shields, G. and Millar, D.L., 2014. Opti-
mal synthesis of energy supply systems for remote open pit mines.
Applied Thermal Engineering. Vol. 64, p.315-330.

Romero, A., Carvalho, M., Millar, D., 2013. Application of a poly-
generation technique for a hospital in Northern Ontario. Trans-
actions of the Canadian Society for Mechanical Engineering. Vol.
38, No. 1.

Carvalho, M., and Millar, D.L., 2012. Concept development of
Optimal Mine Site Energy Supply. Energies. Vol. 5 No. 11, p.4726-
4745.

6.3 Mine to Bullion Energy Audits

“You can’t manage what you can’t measure’, so goes the famous
saying coined by leaders in management science. In the case of
energy management for the mines with whom we worked in detail
on SUMIT 6 work, we realized that some mines had very sophisti-
cated systems for measuring energy consumption that far exceed-
ed the a priori expected capabilities.

Although there were some mining operations with whom we
worked that effectively only had one electricity meter at the mine
gate, other mines (who were very sensitive to the economic incen-
tives available for mine operators in Ontario) had installed sen-
sors in a very comprehensive manner throughout their operations
in order to save themselves money via their tariffs. However, for
these mines, other than seeing their billing diminish, on occasion
opportunities for more detailed analysis of the data to save mine
operators even more money were being missed; there was poten-
tially a lack of interpretation rather than a lack of data.

Methodology

Using data from a main mine electricity meter, together with de-
tailed knowledge of the breakdown of electricity consumption at
the same facility, a method was developed that integrates signal
processing technology and artificial neural network technology
to identify, from the main mine meter data only, the times when
the main mine hoist operated and the amount of electricity con-

87

sumed by the hoist. The technique relied on applying a Fast Fouri-
er Transform to the electricity meter data so that the spectral sig-
nature of hoist operation could be disaggregated from the meter
data (Figure 105). This work is completely novel.

Summary of Findings

The work conducted on this topic can be summarized by saying
that for both types of mines (metered and un-metered), SUMIT
6 integrated technologies to produce tools that improved the in-
terpretation of energy data (Figure 106) that was being gathered,
however extensive or narrow this was.

Team Contributions

M.A.Sc., Natural Resources Engineering, Michelle Levesque
(Dec 2011, Understanding Mine Heat, Sankey Diagrams). At the
outset of the project, Michelle worked on her Master’s thesis that
focussed on energy management of pyrometallurgical processes
used in the reduction of nickel laterite ores to nickel bullion. This
work identified energy savings of US2008 $140 million per annum
for the asset operator (Figure 107).

PhD. Natural Resources Engineering: Michelle Levesque (sub-
mitted May 2015, Improved Energy Management for Mining).
Michelle investigated the potential for electricity savings through
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Figure 105: Identifying the ‘fingerprint’ of mine hoist operation within main mine electricity meter data, so that the hoist usage may be audited
as part of a mine energy management plan. This technique is useful when only a single meter is installed at a mine site (which is frequently the
case), and the usage of a particular centre of operations needs to be disaggregated for energy management
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Figure 106: A Sankey diagram for energy consumed in support of
nickel production from underground mines. The thickness of the
ribbon reflects the rate of energy being consumed

the use of plastic ducting for auxiliary mine ventilation, incorpo-
rating Ventilation-On-Demand approaches (see section 6.4). This
work evolved to specification of a new method for simultaneous
measurement of the friction factor and leakage factor for auxiliary
ducting and fan systems.

The “run when full” work completed as part of Michelle’s work
also demonstrated the benefits of running beneficiation plants at
their design rating (Figure 108).
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before

Figure 107: A Sankey diagram to illustrate the energy savings
achievable for one plant operator through a more integrated
approach to mine energy management
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M.Eng. Natural Resources Engineering, Robert Mallette (May
2014, Garson Mine Energy Audit). Undertook an all fuels energy
audit of Garson Mine, and work has proven very valuable as a re-
source for the other members of the group. Michelle made excel-
lent use of the opportunity to provide guidance to Robert, based
on her research, on the right methodology to use to undertake an
all fuels energy audit of a modern mine (Figure 109).

M.Eng. Renewable Energy, Johannes Adam (ongoing, Sankey
Diagram of Garson, Energy & Carbon Audits). Johannes is pre-
paring Sankey Diagrams of energy and carbon consumption for
Deep Nickel Mines.

B.Eng. Civil Engineering, Ana Leite (Energy efficiency of ge-
neric comminution processes). Investigated the multiplicity of
ways in which large rocks are reduced to small rocks (blasting,
hydrofracture, grinding, etc.) and considered these processes from
the point of view of both energy intensity, and power intensity. A
surprise finding was that the power produced in a typical develop-
ment blast was of the order of one GW. When power and energy
intensity were normalized by the surface area introduced in the
size reduction process, blasting was identified as one of the most
energy and power efficient process (Figure 110), which begged the
question, why do we not see explosive based crushing, grinding
and drilling machines?

Mr Lewis Oatway, Vale. Energy Superintendent. Supplied de-
tailed data on all fuels consumption for assets within the Sudbury
Basin as well as 15 second time series data on total electricity con-
sumption for Garson Mine.

Selected References

Levesque, M. & Millar, D.L., 2014. The link between operation-
al practices and specific energy consumption in metal ore mill-
ing plants — Ontario experiences. Minerals Engineering. Vol. 71,
p-146-158. Nominated for the CEEC Medal.

89

Main 76%

Wentilation

Natural Gas

Auxiliary
o

Skip haist

[] o3

Cage hoist

[] os%

Backdill plants

T - Compressors
_ —~—_ p

~ \D 24%

Pumps
2%

Surface facilities

D 0.2%

IUnderground fixed equipment (crusher)
3%

Underground equipment (drills, bolters...)

1%

IUnderground mobile equipment

Figure 109: Sankey diagram for an underground mining
operation producing a base metal product




Sustainable Operations - Energy Management and Ventilation

SUMIT 6 I

1.0E-11
1.0e-10 H # Spalling (laser) K Crushing
1.0E-09 A B Melting (laser) © Coarse Grinding
o A XK 5 A Drilling “ Fine Grinding
_Qé) 1.0E-08 'y .
~ ‘ - X X X Blasting @ Hydraulic Jet Drilling
g 1.0E-07 N 2 N 3 %{gi
4 x%
= 1.0E-06 *
< - L
1.0E-05
< ’ 85
=] 1.0E-04 ¥
= e e
[ & .
) 1.0E-03 Fﬁhi ® f
1.0E-02 4 Figure 110: Energy consumed in rock
1.0E0 comminution plotted against the power
OB0l 0602 10E400 1.0E402 1.0E404 1.0E406  1.0E+08 of comminution for varying methods of
comminution
1.0E+00
Power (kW)

6.4 Auxiliary Ventilation Systems

The SUMIT 6 program was designed specifically to follow on from
Ventilation-On-Demand work that was coordinated by CEMI be-
fore the start of the SUMIT Program. Data sets investigated by
SUMIT 6 researchers suffered from incompleteness which made
analysis to establish definitive answers very challenging. Howev-
er, during the course of these investigations, the characteristics of
ducts to which fans, whether they be variable speed or not, were
connected was found to be equally important in the energy saving
equation.

Methodology
Practical field investigations were conducted which aimed to as-
sess the roughness of varying duct types (Figure 111).

Summary of Findings

It became apparent that leakage of auxiliary ventilation duct sys-
tems was equally, if not more important, than roughness, and a
leaky duct system could not only defeat the energy savings in-
tentions of a VOD strategy, but could lead to more energy being
consumed not less, if a minimum amount of air flow had to be
delivered to a working face to support a specific level of produc-
tion (Figure 112).

Simulation analyses were extended to establish how the electri-
cal energy consumption, and the air flow delivered to the working
face, vary as the auxiliary ventilation duct lengthens (Figure 113).
Application of smart technologies that discriminate between two
distinct types of the resulting power curve may permit classifica-
tion of whether a duct may be deemed to be leaky or not.
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Figure 111: The yellow sections of the auxiliary ventilation system
pictured above are novel low friction plastic ducting segments that
are supplied by Gplus Industrial Plastics Inc..

Source: www.plastiquesgplus.com/en/ventilation

Varying the speed of a fan driving an auxiliary ventilation sys-
tem (as in VOD) is not the only way in which such ventilation sys-
tems can be controlled with an objective of minimising ventilation
cost. The resistance to which the ventilation fan is connected can
be adjusted too. In the case of passive regulators, the energy in the
air flow that becomes surplus to requirements is simply dissipated
in frictional and shock resistance through the regulator.
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Leakage
Duct Roughness Very low Medium High
RJ. =10,000,000 Ns?’m?® Rl =200,000 Ns’m* RJ. =10,000 Ns?’m®
N fan 1780 rpm N fan 1780 rpm N fan 1780 rpm
Q fan 39.470 md/s Q fan 40.728 m3/s Q fan 43.589 m3/s
Q face 38.580 md/s Q face 34.914 m3/s Q face 24.040 m%/s
Fan kW 114.6 kW Fan kW 113.26 kW Fan kW 106.7 kW
Smooth Ccov 3.0 kW/m?/s COoVv 3.2 kW/m3/s Ccov 4.4 kW/m?3/s
k=0.0018 (kg/m?) L%/100m 09% L%/100m 5.9 % L%/100m 18.6 %
k US 2.4 % k US -14.54 % k US -41.9 %
k DS 20 % k DS 14.6 % k DS 80.2 %
k AVE -0.2 % k AVE 1.5 % k AVE 5.4 %
N fan 1780 rpm N fan 1780 rpm N fan 1780 rpm
Q fan 38.551 md/s Q fan 39.948 md3/s Q fan 43102 m3/s
Q face 37.644 m3/s Q face 34.019 m?/s Q face 23.119 m3/s
. Fan kW 115.4 kW Fan kW 114.1 kW Fan kW 108.3 kW
Medium cov 3.1 kW/m?/s cov 3.4 kW/m?/s cov 47 kW/m?/s
k=0.0021 (kg/m?) L%/100m 1.0% L%/100m 6.2% L%/100m 19.2%
k US 25 % k US -151 % k US -43.2 %
k DS 20% k DS 15.2% k DS 84.5%
k AVE -0.3 % k AVE 17 % k AVE -6.0 %
N fan 1780 rpm N fan 1780 rpm N fan 1780 rpm
Q fan 34135 md/s Q fan 36.240 m3/s Q fan 40.836 m?/s
Q face 33.175 md/s Q face 29.925 m¥/s Q face 19.684 md/s
Fan kW 118.6 kW Fan kW 117.0 kW Fan kW 113.0 kW
Rough Ccov 3.6 kW/m?3/s COoVv 3.9 kW/m?3/s Ccov 5.7 kW/mé3/s
k=0.0037 (kg/m?) L%/100m 12% L%/100m 7.2 % L%/100m 215 %
k US -3.0% k US -18.0 % k US -48.6 %
k DS 2.4 % k DS 181 % k DS 106.2 %
k AVE -0.4 % k AVE 2.4 % k AVE -8.6 %
Figure 112 Tabulated results of simulations of auxiliary ventilation duct comprising a fixed number of equal length segments, with varying levels
of leakage and duct roughness for a constant speed fan N fan = 1780rpm. Low leakage (well coupled together), smooth ducts are best, having
the lowest Cost Of Ventilation (COV), and the lowest loss per 100 m of duct length (L%,/100m). When determining duct friction factor, the best
agreement between known and measured roughness coefficients occurs when two flow rate observations are taken: one upstream of the
section under test (US) and one downstream (DS), and the flow rates are then averaged

As an alternative to this, the surplus energy in the air flow can
be harnessed and used to provide ventilation network resistance
through the recovery of electricity. A parallel aerofoil type active
air flow regulator was designed and tested as part of the SUMIT 6
program. As well as providing a further energy saving option for
control of mine ventilation networks, this device could be operat-
ed as a stand-alone wind turbine.

Team Contributions

PhD. Natural Resources Engineering, Michelle Levesque un-
dertook field observations and techno-economic simulations of
auxiliary ventilation systems. Dean prepared a simulation tool
that specifically accounted for leakage in these systems. Michelle
and Dean found that leakage, not duct roughness, nor ventila-
tion-on-demand, was the dominant factor governing the perfor-
mance of auxiliary ventilation systems in mines.

PhD. Natural Resources Engineering, Harvard Farrant (expect-
ed submission Dec 2016, Aerodynamics of a Novel MBWT Ro-
tor). Harvard has made valuable research presentations on both
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the MESCO (mine energy services companies) concept and his
PhD research, but has not published much on his PhD topic due
to its potentially proprietary, commercializable nature. During
Quarter 2, 2015, supported by SUMIT, Harvard submitted a Cana-
dian Patent application document to obtain a priority date for the
intellectual property in the design of his wind turbine / dynamic
air flow regulator rotor (Figure 114).

B.Eng. Mining Engineering, Felipe Gabriel (Dynamic ventila-
tion network modelling). Felipe examined the dynamics of aux-
iliary ventilation systems, with a particular view to providing en-
hanced air flow for contamination dilution and clearance.

Selected References

Millar, D.L., Levesque, M., and Hardcastle, S., 2016. Leakage and
air flow resistance in mine auxiliary ventilation ducts: effects on
system performance and cost. Transactions of the Institute of
Mining and Metallurgy, Part A: Mining Technology. Mining Tech-
nology, DOI: 10.1080/14749009.2016.1199182.
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Figure 113: Power consumed by fan, air flow delivered to a working
face and cost of ventilation (COV) for duct cases of equal roughness

SUMIT 6 I

Software Development Team Contributions

M.Sc. Computer Science, Adam Turcotte (Dec 2012, Anti-alias-
ing image re-samplers). Adam joined the SUMIT 6 team to pro-
vide dedicated computer programming support to the team. At
the same time as completing his masters, he led on the develop-
ment of the 4D Sankey Trees software product which is available
for download via the MIRARCO website.

PhD. Computer Science, Tim Doan (ongoing, Algorithms to en-
hance virtual reality environments). Tim is a graduate student at
Laurentian University reading Computer Science. His work has
been supported by additional funds from the SUMIT Program.

This regulator dissipates air power

This regulator extracts power from the
mine air flow and turns it into electricity

Figure 114: An air flow regulator that provides resistance by recovering air flow energy by using moving blading to drive an electrical generator

e
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6.5 Integrated Technologies

The SUMIT 6 award to Dr. Millar was pivotal in the establishment
of a new research group within MIRARCO, the Energy Renew-
ables and Carbon Management group.

Methodology

Leveraged human capacity permitted investigation of allied energy
technologies that could be valuable to the Canadian and Ontario
mining industry (Figure 115). Prominent among these were tech-
nologies that could lead to novel concepts for Deep Mine Cooling,
and within this group of technologies, the most important of these
was the investigation of hydraulic air compressors undertaken by
Dr. Millar.

Summary of Findings

The research investigations by Dr. Millar led to the submission
of patent applications, the establishment of a start-up technology
company, Electrale Innovation Ltd, and a follow-on award from
the Ultra Deep Mine Network, a Network Centre of Excellence, to
establish a hydraulic air compressor demonstrator facility.

Team Contributions

M.Sc. Nuclear and Renewable Energy Engineering: Valeria Pa-
vese (May 2015, Mechanical Efficiency of Hydraulic Air Compres-
sors). Valeria worked on checking solubility and hydrodynamic
calculations on Hydraulic Air Compressors.

Other Contributions

B.Eng. Chemical Engineering, Julia Andrade (Gas solubility
calculations for hydraulic air compressors). Julia’s work lead to
a realisation that Hydraulic Air Compressors could be a energy
efficient technology for carbon capture.

B.Eng. Chemical Engineering, Eden Laurindo (Modeling and
manufacture of a ‘snail shell’ hydrodynamic compressor). Eden
designed, CFD modeled and fabricated a compact, extra long dif-
fuser venturi eductor that took the form of a snail shell.

B.Eng. Control and Instrumentation Engineering, Diogo San-
chez de Oliveira (Instrumentation and control design for Baby
HAC). Diogo specified the control and instrumentation scheme
for the ‘Baby HAC’ pilot scale hydraulic air compressor.

B.Eng. Mining Engineering. Flavia Vespucio and B.Eng. Min-
ing Engineering. Angelina Rocha. They worked together on the
challenging job of undertaking CAD and CFD modelling of the
Taylor head of the Hydraulic Air Compressor at Peterborough Lift
Lock.

B.Eng. Mining Engineering. Research Project Students (2013)
— Justin Bontin (Modeling and experimental design of an air water
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Figure 115: Integrated assessment and visualization tools

separator)

— Jordan Gladu (Modeling and experimental design of an air wa-
ter separator)

— Alex Hutchison (Modeling and experimental design of an air
water separator)

— Gabriel Janakavaj (Modeling and experimental design of an air
water separator)

Selected References

Pavese, V., Millar, D., Verda, V., 2016. Mechanical efficiency of hy-
draulic air compressors. ASME Journal of Energy Resources Tech-
nology. doi:10.1115/1.4033623.

Millar, D.L., 2014. A review of the case for modern-day adoption
of hydraulic air compressors. Applied Thermal Engineering. Vol.
69, No 1-2, p.55-77.

NOTE: for a complete listing of the principal author’s publications

please go to: http://www.mirarco.org/ercm/



SUMIT PROGRAM OVERALL CONTRIBUTIONS

General

The SUMIT Program has demonstrated the value of effective SUMIT ACHIEVEMENTS TO DATE

coordination of a collaborative multi-institutional mining-
related R&D program. It can be a model for future potential

multi-stakeholder programs of this kind. .
One third financial and in kind contributions by all % participants
stakeholders, industry, the provincial government, and
institutions, has lead to the attainment of virtually all goals Y Y . )
set for the program - whether HQP-training, technical or 83 conference presentations

other measures of success.

citations in scientific and

HQP Development _ engineering literature
Figure 116 is an overall summary of the metrics related to

personnel training, publications produced and citations
received’, presentations made, hours of fieldwork conducted
and post-program jobs creation for students.

Further, it captures the very important measure of safe
performance of multiple underground field programs.

This is a testament to the careful supervision and effective
training provided by designated representatives of each of the publications
company test sites used.

Technical

The SUMIT Program concept grew out of an initiative . .
created by CEMI to address the problem of fault-slip-related student hours of safe in-mine work

rockbursts in underground mines but was later altered 9 5 9

somewhat to match available provincial government funding
incidents or accidents

options, namely to include ICT and energy optimization-
related work. It nevertheless, at its core, facilitated important
R&D on rock mass characterization, change detection,
tools and other software development which serve to shed
considerable light on the fault-slip problem.

As a bonus, considerable advances were also made in
developing novel approaches to large dataset sharing and
management as well as to finding optimal approaches for
energy management in mines.

The principle technical solutions of the program have
already been summarized in this document (pp v-vi) and

won't be further elaborated upon here. new positions for SUMIT
student graduates I 9
SUMIT HQP DEVELOPMENT

75 students

7 post doctoral fellows

19 doctoral students

30 master’s students

19 undergraduate students
17 researchers

1 research engineer
Figure 116: Major metrics related to the

outcomes of the SUMIT Program

At time of writing (Q1, 2017)
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APPENDIX 1

LINKS TO SUMIT COMMERCIALIZED PRODUCTS

1. Geoscience Integrator
a product of Mira Geoscience

www.mirageoscience.com/our-products/software-product/geoscience-integrator

2. BurstSupport Tool
a product of MIRARCO Mining Innovation
www.mirarco.org/burstsupport/
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APPENDIX 2

A GROWTH STRATEGY FOR THE MODCC

MINING OBSERVATORY DATA CONTROL CENTRE

GOAL

Design a roadmap for the future which clearly identifies the direc-
tions in which MODCC needs to go to provide maximum benefit
to the Canadian mining industry.

Resolution mining office at MODCC. Photo credit: Damien Duff

CONTEXT?

“Mining Big data” has become synonymous with the need for
in-dustry and academia to make better use of the myriad datasets
it gathers. Some 67% of mining company executives polled have
suggested that they see deriving value from their datasets as being
key to their company’s survival and prosperity.

MODCC was established to ensure that CEMI was at the forefront
of new developments in this area and, through what has already
been accomplished as an incubator space, CEMI has managed to
generate significant interest. Our involvement with Mira Geosci-
ence, seen as a key enabler of exploration and mining data inte-
gration for new ore deposit discovery and geotechnical hazard
assessment, has meant that we already are teamed with a reputable
and motivated collaborator.

CURRENT STATUS OF MODCC

Three incubates are resident at MODCC; Mira Geoscience,
Rev-olution Mining, and Tunik Inc. The application material from
a fourth - SCICOM - is under review presently.

MODCGC is also home to prepared datasets from SUMIT and the
CMIC Footprints projects. These datasets have been formatted
and inputted into Mira Geoscience’s INTEGRATOR platform.
They represent an excellent opportunity for further research using
real mine data for academic and private sector researchers.

SUGGESTED PATH GOING FORWARD

A two-pronged approach is advocated (Figure 117). It will allow
for growth and the firm establishment of MODCC as the “goto”
place for exploration/mining data analytics capability in this part
of the world.

a) Support Academia

For academic research projects, MODCC represents an optimal
place to centralize cleaned datasets. The venue, plus Mira Geosci-
ence INTEGRATOR software access, allows other researchers to
parse and reparse information and rapidly accelerate progress of
new discoveries.

b) Support Mining Companies

CEMI has begun engaging with mining companies for digital
demonstration projects. Leveraging innovative Canadian Smallto-
Medium Enterprises (SMEs) CEMI is building consortiums that
solve important challenges related to exploration, mining produc-
tivity, geotechnical risk, energy optimization, and environmental
issues with digital technologies. The by-product of these solutions
are clean datasets that can attract additional innovation.

¢) Supporting Canadian SMEs)

Through the MODCC incubation space, demonstration projects,
access to data, funding and commercialization support, CEMI
seeks to accelerate and enhance the ability for innovation SMEs to
bring technology to market. CEMI will also continue to support
SME prosperity in Canada by connecting mining industry SMEs
with other Canadian digital ecosystem partners and SMEs who
can become partners in technology development.?

For more info contact: Marcus Thomson at mthomson@cemi.ca
Wwww.cemi.ca

ACCELERATED
INCUBATEE GROWTH
(thru’ FedNor and
NOHFC $)

MINING COMPANY
PREPARATIONS
for mine-wide data
analytics implementation

MODCC
facilitates
innovation in
mining data
analytics

Figure 117: Facilitating innovation in Mining Data Analytics through
a two-pronged approach

8This will likely include working with companies to make datasets available to researchers through MODCC.
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DeepMine

SUMIT - Smart Underground Monitoring and Integrated
Technologies for deep mines

FURTHER NEWS FROM “THE SUMIT”
> Program has now entered its 4" of 5 years

> 2 Sub-projects have been completed and a further 3 sub-projects are
scheduled to be completed in 2014.

> $5.28M of $6.70M has been expended on research activities

SUMMARY

The SUMIT project continues to progress on
schedule and to meet its predetermined
milestones and deliverables. Most research
projects will be ending in 2015, however some will
extend into 2016. All research must be completed
by June 30", 2016 and the program wrapped up
by Mar. 31%, 2017.

The number of involved researchers remains at 15
whereas the total student involvement has
decreased from 41 to 40 (1 PDF; 15 PhD; 16 MSc
and 8 undergraduate). In addition, 4 other
individuals are involved as researcher engineers
etc). One PhD, 6 MSc. and 4 SUMIT-
involved/supported students have been trained
and have graduated to date.

Field work involving UofT and Queen’s teams is
proceeding at Creighton and Nickel Rim South
mines in Sudbury.

At time of writing, records show that some 17
technical articles have been published in peer-
reviewed journals with a further 3 accepted for
publication and 16 submitted. Eighteen refereed
conference papers have been produced and some
37 conference presentations/posters made.

ONGOING COLLABORATIONS
Design of the Mining Observatory Data Control
Centre (MODCC), located at the surface facility of

SNOLab in Sudbury, has been completed. Tenders
for construction are now being requested.
Completion of the facility is scheduled during late
Q1, 2014.

Discussions have been initiated with a like-minded
data management group out of the University of
Arizona (MINA- Mining Intelligence Network of the
Americas) and possible synergistic approaches are
being investigated.

Experimental work related to SUMIT project 4B-
(i)@ “Preconditioning naturally fractured hard rocks
using hydraulic fracturing” at an underground
mine owned by Newcrest Mining Limited in NSW
Australia has received a set-back and preliminary
discussions are now underway with a research and
alternative test-site ownership group in
Switzerland to complete the work.

HEALTH & SAFETY

We continue to remain very pleased to report that
no serious injuries or accidents have been
recorded to date.

* 6 sub-projects in 2 mines
* 753.5 hours
* 16 researchers from 5 universities

CEMI 935 Ramsey Lake Road, Willet Green Miller Centre, Sudbury, Ontario P3E 2C6

or email us at
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COMMUNICATIONS AND OUTREACH

CEMI is currently developing a SUMIT video series
to engage youth and showcase the goals and
milestones of the SUMIT project. The video
project consists of a series of lecture videos

featuring students from the SUMIT project. The
videos are being shot throughout the fall of 2014
and into the spring of 2015.

BUDGET, FUNDING AND

LEVERAGING

Total project expenses to date are $5.28M.

Some interest has been expressed by SUMIT
researchers in leveraging their sub-project funds
through the Ultra Deep Mining Network (UDMN)
at CEMI and LOI’s have been submitted for review.

DELIVERABLES DURING THE
REPORTING PERIOD (Q2’'14 — Q3’14)

1. Development of a non-uniform velocity
model which considers confinement and
rockmass failure to assist with simulation
of wave field propagation around
excavation openings and thereby

potentially identify zones at a higher risk
for rockbursts.

2 - 6
28. 24

Q=40
Model 1

Model IV

Mol m

19150 ler

T —

(d) ()
site amplification of the stope. (a) PPV contour without excavation, which is based on the design scaling law
with a 90-95% confidence level; (b) and (d) amplification factor contours around the stope and zoom-in
plots (c) and (e) showing the detailed site amplification in the roof and on the right wall for uniform and
non-uniform velocity models, respectively.

2. Commencement of work to investigate
how the use of LiDAR measurements of
drift deformation can be used to infer
information about the stress field at the
drift scale.

3. Continued development of stress
monitoring technology through the
integration of petrophysical, borehole
geophysical and geotechnical data.

NEXT STEPS

1. Scheduling of Third Annual SUMIT Stakeholder
Update Meeting— likely in April, 2015 at the
University of Waterloo.

2. Continuation of extensive field work activitiesl
Q4, 2014.

FOR FURTHER INFORMATION

Please contact Damien Duff at:
dduff@miningexcellence.ca

CEMI 935 Ramsey Lake Road, Willet Green Miller Centre, Sudbury, Ontario P3E 2C6

or email us at
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